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ft.  The  design  point  analysis  of  two-stage,  axial  re-entry  type  tttijaAfc** 
is  presented  for  the  case  of  low  weight  flow  and  high  over -all  pressure  ratios* 
The  optimum  pressure  split  between  both  stages  is  investigated  approximately 
by  evaluating  the  optimum  performance  for  two-stage  re-entry  turbines  with 
equal  heads  or  equal  pressure  ratios  in  both  stages*  The  optimum  efficiency 

i'll. 

for  both  pressure  splits  is  analyzed  and  a  theoretical  method  of  determining 
the  detailed  design  criteria  is  presented  for  each  optimum  design.  The 
method  of  analysis  is  substantiated  by  test  of  a  two-stage  re-entry  turbine 
designed  according  to  the  analysis*.  Deviations  from  this  analysis  were  foupd 
to  be  caused  by  increased  leakage  and  off -design  performance  of  the  second- 
stage  nozzle.  (1) 

II.  INTRODUCTION 

This  report  has  been  prepared  in  accordance  with  the  requirements  of 
ONR  Contract  Nonr  2292(00),  Phase  II,  Re-entry  Turbine  Study.  It  deals 
with  the  performance  of  a  two-stage  re-entry  turbine  at  the  design  or  "best 
efficiency"  point  and  is  not  concerned  with  detailed  analysis  of  the  off-design 
performance.  Tests  of  a  single  disc  turbine  with  seventeen  passes,  which 
were  later  reduced  to  four  passes,  were  conducted  at  Sundstrand  Turbo  during 
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««ly  1939*  but  the  results  were  inconclusive,  the  wofk  is  not  deacriMd 
herein  state  the  information  would  confuse  rather  than  clarify  the  analysis, 

IK.  SUMMARY 

The  design  analysis  of  two-stage  re-entry  turbines  presented  in 

Reference  (1)  for  the  case  of  moderate  over -all  pressure  ratios  is  extended 

for  designing  two-stage  re-entry  turbines  with  high  pressure  ratios.  The. 

optimum  pressure  split  between  both  stages  is  investigated  approximately 

by  analysing  the  special  cases  of  equal  head  and  equal  pressure  ratio  in  both 

H  ,  & 

stages.  For  the  Reynolds  number  range  considered,  i '0  <  Ke  <  <0 
it  is  found  that  equal  pressure  ratios  in  both  stages  results  in  higher  efficiencies 
than  that  obtained  with  turbines  having  equal  heads  in  both  stages.  General  de¬ 
sign  criteria  are  presented  for  both  cases  in  the  form  of  preliminary  NaDa 
diagrams.  Finally,  a  two-stage  re-entry  turbine,  designed  according  to  the 
criteria  developed  for  equal  pressure  ratios  in  both  stages,  is  subjected  to 
an  extensive  and  detailed  test  program.  It  is  found  that  the  over -all  perform¬ 
ance,  as  well  as  the  performance  of  the  components  can  be  substantiated  by 
the  analysis.  Discrepancies  between  preliminary  analysis  and  test  results 
are  found  to  be  caused  by  off-design  performance  of  the  second  stage  nozzle 
as  well  as  increased  leakage.  It  is  found  that  leakage  consists  of  two  parts 
designated  as  the  static  and  the  dynamic  component.  The  test  results  con- 
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It  li  found  that  the  ssclil  elearahoei  fAWMttn  Ifet  fllrif  stage  nowle 
and  the  rotor  is  a  major  parameter  which  affects  the  over-all  performance 
of  two  stage  re-entry  turbines,  In  addition,  it  is  found  that  the  blade  element 
performance  is  determined  mainly  by  the  entering  relative  Mach  number, 

The  blade  coefficients  are  correlated  with  data  published  in  the  literature, 
and  are  valid  for  blade  designs  of  subsonic  configuration.  The  test  perform¬ 
ance  curves  are  correlating  well  with  final  analysis  of  two -stage  re-entry 
turbines,  The  analysis  is  presented  in  general  equations,  and  design  criteria 
are  presented  in  the  form  of  a  final  N#Da  diagram  for  two-stage  re-entry 
turbine!  with  a  300:1  pressure  ratio. 


It  is  concluded  that  the  over-all  performance  of  the  turbines  concerned 
can  be  estimated  properly  by  application  of  one -dimensional  streamline  con¬ 
cepts.  However,  refined  analyses  and  test  procedures  are  necessary  to  in¬ 
vestigate  the  flow  phenomena  in  the  turbine  itself.  This  indicates  the  necess¬ 
ity  of  a  detailed  program  for  investigation  and  study  of  the  cascade  perform¬ 
ance  of  impulse  blades  subjected  to  high  Mach  number  conditions.  Comparison 
of  the  two-stage  turbine  with  an  equivalent  single  stage  design,  both  with  sub¬ 
sonic  blade  configurations,  overwhelmingly  demonstrates  the  merit  of  the. 
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two- stag®  turbine.  However,  preliminary  calculations  have  indicated  that 
a  one-stage  turbine  designed  with  a  supersonic  blade  configuration,  might 
perform  comparably  or  even  more  efficiently. 

IV.  TECHNICAL  DISCUSSION 

A,  ANALYSIS 

The  analysis  of  axial,  multistage,  re-entry  turbines,  using  partial 
admission  in  all  stages,  is  presented  in  Reference  (1)  for  the  case  of  moder¬ 
ate  pressure  ratios.  This  analysis  was  based  on  a  one -dimensional  stream¬ 
line  concept,  which  uses  proper  corrections  to  account  for  three-dimensional 
effects  and  to  include  all  "partial-admission-losses"  known  to  the  state-of- 
the-art- at  that  time.  Three-dimensional-effects  are  caused  by  non-uniformity 
of  the  flow  field,  which  leads  to  secondary  losses  mainly  at  hub  and  tip  sec¬ 
tion  of  the  rotor  cascade.  In  addition,  disturbance  of  the  channel  flow  can 
be  caused  by  separation  of  the  blade  surface  boundary  layers.  This  effect 
is  not  included  in  the  previous  analysis  and  will  not  be  investigated  in  this 
work.  The  partial  admission  losses  consist  of  blade  pumping  losses, 
scavenging  losses,  filling  and  emptying  losses,  additional  interstage  leakage 
losses,  and  some  additional  cascade  losses  all  of  which  are  not  encountered 
in  the  field  of  full  admission  turbines. 
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The  theory  developed  in  Reference  (1)  for  the  caae  of  moderate 
pressure'  ratios  la  extended  >in  this  work  for  application  to  high  pressure 
ratio,  two-stage,  re-entry  turbines.  For  this  purpose  it  was  found  nec¬ 
essary  to  use  a.compressible  flow  model  rather  than  adhere  to  the  nearly 
incompressible  flow  model  used  in  Reference  (1).  In  the  case  of  highly 
efficient,  high  pressure  ratio  turbines  it  is  possible  to  use  isentroplc  flow 
relations  as  a  first  approximation.  However,  for  less  efficient  turbine 
stages  it  is  necessary  to  modify  the  isentropic  equations  by  proper  effi¬ 
ciency  corrections. 

Since  it  is  not  obvious,  when  designing  a  two-stage,  re-entry  turbine, 
what  pressure  split  between  the  stages  will  result  in  the  maximum  turbine 
efficiency,  the  cases  of  equal  heads  and  of  equal  pressure  ratios  in  both 
stages  are  investigated  in  the  following  chapter,  leading  to  two  NSDS  diagrams, 
as  shown  in  Figure  2  &4  These  diagrams  are  used  as  a  basis  for  the  design 
of  the  test  turbine  and  for  comparison  of  the  actual  turbine  performance  with 
the  theory,  developed  in  Reference  (1)  and  extended  herein. 

Special  Case  of  Equal  Heads  or  Equal  Spouting  Velocities 
'  in  Both  Stages. 

1. 1  Turbine  efficiency 

Generally,  the  turbine  efficiency  or  over -all  efficiency  is  defined 
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where 

i£r  -  turbine  efficiency 

^  •  hydraulic  efficiency 

Lt  a  total  leakage  as  percentage  of  total  mass  flow 
Li  ■  blade  pumping  loss  as  percentage  of  available  power 
Lj  t  disc  friction  loss  as  percentage  of  available  power 
Ijfc  •  scavenging  loss  as  percentage  of  available  power 
J  is  the  hydraulic  efficiency,  which  is  derived  in  Reference  (1)  from  Euler 
equation  for  the  change  of  momentum  in  single  stage  impulse  turbines.  This 
equation,  only  valid  for  the  design  point  performance  without  incidence-losses, 
can  be  written  in  the-  convenient  form 


?,S  "  2  (  ^  ) 

where 

U  »  tip  speed 

C*f  s  spouting  velocity  of  a  single  stage 
fq  *  blade  coefficient 
%  -noMl.co.ffi.nl 
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Ih  ibid  dtte  tff'tom  stage#  having  equal  limiting  velocities  i»r  equal  velocity 
triangles  equation  ,(X)  is  modified  by  introducing  average  blade  and  no, dele 
coefficients  and  by  observing  the  relation 


r  _  r  _ 

W  *  ^*2  '  yX  (3: 

This  results  in  the  following  expression  for  the  hydraulic  efficiency. 


■ «(%.)( i+r*)(  S- 


where 


£  s  average  hydraulic  efficiency 

C0  ,  total  spouting  velocity 

%  s  average  blade  coefficient 

%  *  average  nozzle  coefficient 

The  average  blade  coefficient  is  determined  for  partial  admission 
stages  by  the  equation  derived  in  Reference  (1) 


^  •  r,. 


f"f)7 


where 


^  z  blade  coefficient  of  an  equivalent  full  admission,  stage 
i  ■  blade  spacing 

°I  »  arc  of  admission  of  the  first  stage 
flj*  a  arc  of  admission  of  the  second  stage 


i  I:  j  i-j  . 
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Introducing  iaantropic  flow  relations  and  neglecting  "leakage  the  ratio  of 
the  arcs  of  admission 


I 

is  only  a  function  of  the  total  pressure  ratio  Pr  «  -s —  as  seen  from  the 

d'/W 

simple  relation  which  is  derived  in  Appendix  B,  equations  (Bl)  to  (B7) 


The  blade  coefficient  relation  of  an  equivalent  full -admission  stage  is  derived 
in  Reference  (1)  for  the  case  of  blade  passages  designed  according  to  the 
method  of  characteristics  and  the  theory  of  supersonic  vortex  flow  (Reference  2). 
Such  blade  designs  are  called  supersonic  blades.  The  blade  coefficient  is  deter¬ 
mined  by  the  following  equation 


0,0, 


*('•**)][> 


(8) 


where 


fl  *  blade  angle 
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C  it  blade  chord 
h  r  blade  height: 

H^tt  relative  Mach* number  at  rotor  inlet 
However,  when  subsonic  blades  are  subjected  to  supersonic  How  conditions, 
it  is  Indicated  by  Reference  (3)  and  by  preliminary  test  information  gathered 
at  flundstrand  Turbo,  that  the  resulting  blade  coefficients  are  lower.  This  is 
due  to  a  disturbance  of  the  uniform  flow  by  shock  patterns  as  observed  in 
Reference  (4)  and  by  separation  phenomena  in  the  blade  passages  itself,  For 
the  case  of  subsonic  blade  passages  with  a  blade  angle  (t  a  30°  and  chord 
to  blade  height  ratio  (  h  )  -  .  86,  it  is  found  in  the  above  mentioned  refer- 


)  *  .86,  it  is  found  in  the  above  mentioned  refer¬ 


ences,  that  the  blade  coefficient  ^  closely  follows  the  empirically  estab¬ 


lished  equation: 


1 ^ 

y>  »  o.  90  [  J  ~  ^  *  0  J 


Combining  equation  (4),  (5)  and  (7),  the  hydraulic  efficiency  is  determined  by 


£  ,  *■&)  I 
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coefficieht, 


will  be  in  the  range  for  optimum  designs  0, 92<  <  0,96,  which  is  quoted 

by  Reference  (5)  for  nozzle  designs  in  the  range  of  the  design  Mach-number 
L'3fi«<  Hj  <  3.  375.  Other  test  data  obtained  by  Reference  (4)  indicate  the 
same  trend, 

— - — ~*t  • 

1.2  Leakage 

The  part  of  the  leakage  flow  lost  entirely  to  both  stages  for  a 
turbine  configuration  without  a  cross-over  duct  is  analyzed  approximately  by 
accounting  for  the  leakage  paths  as  shown  in  Figure  1.  In  this  design  the  first 
stage  nozzle  is  located  on  the  same  side  as  the  exhaust  port  of  the  second 
stage.  From  Figure  1  it  can  be  seen  that  a  tangential  and  radial  leakage  flow 
will  likely  occur  between  the  first  stage  nozzle  exit  and  the  exhaust  port  of  the 
-  second  stage.  This  leakage  flow  is  caused  by  the  pressure  gradient  between 
the  inlet  and  exhaust  stations,  The  pressure  gradient  increase's  with  an  in¬ 
creasing  over -all  pressure  ratio.  In  the  case  of  high  pressure  ratio  turbines, 
the  pressure  ratio  between  the  nozzle  exit  of  the  first  stage  and  the  exhaust  of 
the  second  stage  will  always  be  higher  than  the  critical  pressure  ratio,  and 
when  the  pressure  gradient  is  due  to  pressure  ratios  above  the  critical 
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ratio,  the  leakage  flow 


is 


determined  by  the  choked  flow  relation 


(12) 


where  p0  and  T0  describe  the  total  conditions  in  front  of  the  leakage 
throat  area  A*.  For  the  first  approximation  it  is  assumed  that  the  static 
conditions  at  the  nosszle  exit  represent  the  total  condition  in  front  of  the 
tangential  leakage  area  2th  ,  and  the  radial  leakage  area 

-  S&jc  •  C*  denotes  the  axial  clearance  gap  as  shown  in  Figure  1, 
and  (lx  I0  the  arc  of  admission  of  the  first  turbine  stage. 


The  above  assumption  neglects  the  influence  of  the  tangential  component 
of  the  noasde-jet  on  the  leakage  flow.  In  Reference  (1)  it  was  estimated  that 
the  tangential  leakage  in  the  direction  of  the  rotating  wheel  will  be  larger  by 
a  ratio  of  HZ  than  the  leakage  in  the  opposite  direction.  The  amount  of 
1  eakage  due  to  the  above  described  effect  is  not  included  in  the  preliminary 
leakage  equations,  but  will  be  investigated  in  the  turbine  test  program  as 
described  in  section  E  of  this  report. 


The  total  leakage  is  determined  by  the  following  relation: 


AW~  CF  *  ^  (a  r  +■  At) 


(13) 
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The  total  admission  ratio  £  is  given  for  two  stages  by 


r  Ksl  i 
It+dia  V'1 

flr  r 

if 

\  z.  J 

(18) 

£  m  T‘S  L 

m  J 

The  discrfriction  loss  presents  also  a  power  loss  according  to  Stodola 
Reference  (6) 


*  2 
3),  h 


(19a) 


The  disc-friction  loss  as  a  percentage  of  available  energy  is  determined  for 
the  two -stage  turbine  by  the  relation 

3 

(19b) 


/  »  JL  3 

.  ,  >]>,{>  [T  . f  ■■■  .  (&-) 
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j 

1.4  Scavenging  Loss 

The  scavenging  loss  of  a.  single  stage,  partial-admission  turbine 
is  derived  in  Reference  (7)  and  amounts  to 


Jt 


(20a) 
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M-etitfy  turbine  ol  equal  head  In  both  stages  can  be  expressed  by  the  following 
equation; 
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891 
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Where  ^  represents  the  blade  density  factor.  This  factor  was  not  included 
in  the  preliminary  analysis.  For  typical  impulse  blades  it  was  found  that^ 
amounts  to  about  £  *  0#  6 0  .  27  denotes  the  number  of  nozzles  of  the 

second  stage.  Evaluation  of  equation  (20b)  for  w/fo  .  <U0  -  MO 
ind  over-all  pressure  ratio  b  -  SlfO  !  I  indicates  that  the  scavenging 
loss  is  nearly  negligible  in  this  region.  This  may  be  explained  by  the  fact 
that  the  stagnant  fluid  left  in  the  buckets  from  the  second  stage  is  of  lower 
density  than  the  fluid  of  the  first-stage  nozzle  jet.  Furthermore,  it  appears 
that  only  one  or  two  nozzles  of  the  second  stage  are  blowing  out  the  stagnant 
fluid  left  over  from  the  first  stage. 


1.5  Preliminary  Ns-Dg  Diagram  for  Equal  Heads 

A  preliminary  Na«Da  diagram  for  two-stage  re-entry  turbines 
having  equal  heads  in  both  stages  and  a  total  pressure  ratio  300:1  is  shown 
In  Figure  2 . 
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W»  efficiency  equation,  derived,  in  the  foregoing  eettion,  is 

'iij  _ 

related  to  the'  basic  design  parameter*  specific  speed,  Ns,  and  specific 
diameter,  JDa,  by  employing  a  method  similar  to  that  demonstrated  in 
Reference  (1)  for  the  case  of  the  single  stage,  partial  admission  turbine. 
The  specific  speed  is  defined  as 


n-\Tq~ 


and  specific  diameter  by 


D  •  Had  ^ 

Pi  =  7^=“  1221 

when  Q  denotes  the  amount  of  flow  passing  through  the  rotor  discharge  area, 

/ 

N  the  rotation  speed  (rpm)  and  Had ,  the  adiabatic  head  of  the  passing  gas  (feet). 
The  specific  diameter  can  also  be  expressed  as  a  function  of  the  over-all 
pressure  ratio, 

^4*od*  and  the  dimensionless  parameter  (&/ol) 
as  demonstrated  in  Reference  (1)  according  to  the  equation: 


time  reciprocal  of  the  total  pressure  ratio.  In  the  case  of  a  two-stage  turbine 
It  Is  necessary  to  define  the  specific  diameter  of  each  stage.  This  can  be 
done  with  an  expression  analogous  to  equation  (23),  yielding  the  following  re¬ 
lations  for  i>5T  and  Jis7  .  The  equations  are  written  in  squared  form  for 
convenience  of  the  later  calculations  ,  The  specific  diameter  of  the  first  stag* 


and  the  specific  diameter  of  the  second  stage  is 


j  l  w  -  u 


S“i  p 

j-  denotes  the  reciprocal  of  the  pressure  ratio  of  the  first  stage  and  d 
is  the  reciprocal  of  the  pressure  ratio  of  the  second  stage,  It  is  to  be  noted, 
that  Equations  (24)  and  (25)  present  only  approximate  relations,  which  neglect 
leakage  and  assume  the  flow  conditions  at  the  exhaust  of  each  stage  are  simi¬ 
lar  to  the  flow  at  each  nossale  exit.  For  further  calculations  it  is  convenient 
to  define  the  ratios  of  the  stage  specific  diameters  to  the  over -all.  specific 
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diameter,  which  can  easily  be  derived  from  combination  of  Equation  (23) 
and  (24)  or  (25).  The  ratio  of  the  first  stage  specific  diameter  to  the  over¬ 
all  specific  diameter  (squared)  is  defined  by 


SBffl 


and  the  ratio  of  the  second  stage  specific  diameter  to  the  over -all  specific 
diameter  is  given  by 


I-  (7* 


[i  ~  v 


In  addition  a  function  is  used  according  to  the  relation: 


W 


Kj  is  the  reciprocal  of  the  dimensionless  parameter  (^  £*  ■  J  ,  as  can  be 
seen  from  Equation  (23).  The  geometric  parameters  /—  j 

j  \  ^ 

and  Qy  J  are  now  expressed  in  terms  of  Ng-Dg  functions  by  considering 
the  definite  interrelation  of  these  parameters  with  the  similarity  parameters 
as  already  derived  in  Reference  (1).  There  it  is  shown  that  the 
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parameter  [  I  ia  related  to  Dg  »  by 


fv'Pj  •(D’tr)  ^ 

j  1b  determined  by  the  equation: 


and  that  the  ratio 


vjiM£  -y^ 


ieae  expressions  can  be  presented  as  a  function  of  the  over -all  specific 

a  i 

ameter  by  replacing  JCUr  with  Kr  £>5^4,  as  shown  by  equation  (26). 
sr  the  final  equation  it  is  necessary  to  find  a  relation  between  (/b)  and 

or  Ikr  and  •  This  can  be  done  immediately  by  observing 

e  definition  of  the  total  admission  ratio 


fill  t  On  \ 

___  j  < 

l  i 

and  when  considering  equation  (30)  and 


which  relates 


(31K  and  yields  the  expression 


&  * 


_ J  |  -f  i— £ 
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Inspection  of  the  previous  derived  efficiency  relations,  in  particular  the  blade 
coefficient  ft?  and  the  pumping  loss,  shows  that  it  is  desirable  to  use  an  £ 
value  as  high  as  possible.  However,  to  assure  a  large  enough  exhaust  port 
for  the  first  stage,  and  to  avoid  interference  affects  from  second-stage 
nozzles,  that  are  too  closely  spaced,  as  well  as  to  decrease  leakage,  it  i( 
found  desirable  to  limit  £  to  values  of  O  Using  a  mean 

value  of  £^0.$30  ,  equation  (32)  immediately  determines  ^l/p  ^  as  a 

function  of  $ 5j  &5JZ  and  D$,  .  ..." 

Ttt/* 

Considering  now  Equations  (24).to  (32)  together  with  the  efficiency 
relation,  printed  by  Equation,  (1),  (10),  (16),  (17),  (19)  and  (20),  reault. 
in  the  final  efficiency  expression  a,  a  function  of  specific  .peed,  specific 
diameter  and  total  pressure  ratio,  <0" .■ 


In  the  case  of  a  two -stage  re-entry  turbine  with  equal  heads  in  both 

stages  the  functions  K\»  K2  and  K3  can  be  approximated  by  the  following 
relations, 
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Inserting  these  relations  in  Equation  (32)  results  in  the  following  blade 

to  diameter  ratio  PM  ■ 


/  3  . . . "I"1"."1 . .  . . . . . . . 

b  £  .il  fw-  .tnoir^  -  K|  Z)L 


[  i+1?  k,] 


The  parameter 


{ p  1 

ml 


is  given  by  considering  Equation  (30)  and  (36), 


yielding  the  simple  relation 


Where  2  denotes  the  number  of  rotor  blades.  Considering  Equation#  (33) 
to  (37)  together  with  the  efficiency  relations  presented  in  Equation  (1),  <10), 
(16)  and  (19)  results  in  the  following  equation  of  the  turbine  efficiency: 

?T  -  fcsr)  | ,  +  %.  i  -  ^ 


,  % 

V  ffi 


Kih  { .  -  L .  \ 

IZH  )  1 


The  above  equation  neglects  the  scavenging  loss  and  the  pumping  los#  which 
become  very  small.  The  total  leakage  amounts  to 
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Inspection  of  Equation  (39)  demonstrates  that  the  leakage  is  mainly  a  function 

of  the  specific  diameter  T)  for  a  given  over-all  pressure  ratio  and  selected 

if) 

pressure  split  between  both  stages.  Finally,  it  can  be  shown  that  the  disc 
friction  follows  the  simple  relation 


(40) 


where  amounts  about  to  Ko\  *  0,002)2  assuming  the  Reynolds  Number  for 
the  disc,  *  ~~f— -  is  about  10^. 

Using  Equations  (38)  to  (40),  an  approximate  N  -D  diagram  is  cal- 
culated  for  a  two-stage  re-entry  turbine  of  equal  head  in  both  stages  and  300:1 
over-all  pressure  ratio..  The  resulting  Ns-Dg  diagram  is  presented  in 
Figure  2.  It  is  valid  for  the  following  design  range: 

Stator  angle 
Number  of  blades 
Aspect  ratio 
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Over-all  pressure  ratio  t 

Selecting  a  typical  design  point  for  an  APU -turbine  suitable  for  space 
and  missile  applications,  for  example,  NsM2.and  Dg  *2.6  *  can  be 

seen  from  Figure  2  that  an  efficiency  of  about  «  .58-.  59  is  predicted. 

*  \ 

Comparing  Figure  2  with  Figure  3,  which  represents  the  NaFa  diagram 
from  Reference  (1)  for  a  17:1  over-all  pressure  ratio,  shows  that  an  efficiency 
of  about  Tff  *. (eft"  will  be  achieved  for  the  moderate  pressure  ratios  of  17:1, 

The  difference  is  mainly  due  to  increased  leakage  (Equation  (39))  and  reduced 
blade  coefficients,  according  to  Equation  (9)  and  (38).  In  the  next  section 
the  case  of  equal  pressure  ratios  in  both  stages  is  investigated.  It *will  be 
compared  later  with  the  present  case,  to  determine  approximately  the  optimum 
pressure  split  for  the  test  turbine  under  consideration. 


2, '  ...  .Special  Case  of  Equal  Pressure  Ratios  in  Roth  Stages 
2.  1  Efficiency  relation 

The  special  case  of  equal  pressure  ratios  in  both  stages  can 

be  derived  easily  by  considering  first  the  general  case  of  unequal  spouting 

velocities  in  both  stages.  For  this  application  the  hydraulic  efficiency  has 

/6»T  \ 

to  be  modified  ac hording  to  the  spouting  velocity  split  j  • 
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Combining  Equation  (2)  and  Equation  (41)  the  average  hydraulic  efficiency  is 
determined  by  the  following  relation,  which  is  derived  in  Appendix  C, 


Equations  (Cl)  to  (C8): 


(42a) 


The  average  blade  coefficient  of  both  stages  is  the  same  as  for  the 

previous  case,  andjletermined  by  Equations  (5)  and  (9).  However,  the  average 
no«le  coefficient  %  has  to  be  replaced  by  the  nozzle -coefficient  mrameter 


%  -  i  [  +  $t)  f»i  ] 


The  spouting  velocity  ratio 


is 


(42b) 


and  the  ratio 


can  be  approximated  by  a  simple  relation  which 


interstage  leakage: 


neglects 
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,  |  K  m  <  1 . 2  which  account  a  for  the 
M  denotes  a  lector  in  the  range  of  C 

‘  „  .  The  over-all  turbine  efficiency  is  then  defined 

inefficiency  of  the  first  stage.  The 
by  Equation  (1)  in  connection  with  Equation  (42), 

In  the  case  of  equal  pressure  ratio,  for  both  stages,  the  above  derived 

elation®  at*  »tiU  valid,  when  the  relation 

c  r  f  a* 

Jr  -  or  ■'  o+n 


is  observed.  The  leakage  ia 
to  the  similar  expression: 


determined  by  modifying  Equation  (16),  according 


;l£\rS  +  i 


B,  J 


The  disc  friction  is  determined  by  Equation  (40).  Scavenging  lo 
pumping  losses  •»  neglected  over  the  considered  design  range, 

in  Section  1. 


as  discussed 
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2.2  Ne-Ds  diagram  for  equal  pressure  ratio#  in  both  ftages. 

In  the  case  of  equal  pressure  ratios  for  both  stages,  the 
functions  K\,  K2  and  K3  are  given  by  the  following  relations,  derived  from 
combining  Equations  (26),  (27)  and  (28)  with  Equation  (45): 


n3  *)J 


rlrd-jJ-Z)]  ClJ 

O-ZU * 


/-  Arlk 


(47) 


\iti  ' 


Following  the  same  method  of  analysis  as  outlined  in  Section  1.5, 
the  blade -to -diameter  ratio  is  still  determined  by  Equation  (32),  when 
Equations  (47)  to  (49)  are  used  for  Ki,  K2  and  K3. 
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The  parametqri 


(%as) 


4^x 


Is  found  by  modifying  Equation  (37), 


I  + 


4  £  £ 


rtj: 

The  ratio  of  the  arcs  of  admission  -j- 


,  defined  by 


-—**  *'■'  <-7rf  "l  -  /  (52> 

Ajr  **7r(#x  /  ' 

found  by  Inserting  Equation  (50)  in  Equation  (30),  yielding  the  relation 


L~  5  m  d'jt  ^  *x  '  J 

which,  combined  with  Equation  (52),  results  in  the  final  expression: 


Equation  (54)  assumes  equal  stator  angles  as  a  first  approximation. 
Combination  of  Equations  (46),  (49),  (50)  and  (53)  determines  the  total  leakage 
for  the  case  of  equal  pressure  ratios: 
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J-  fJLhJ&d* L/r  ,  % 

“  r.  .  i-  /  ->  to  ic+  ^  (55) 
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Finally  the  turbine  efficiency  is  obtained  by  combining  Equations  {42),  (51), 
(52)  and  (55); 


}/r  =  6$4/v/A  j  /+"  ftr  lj 


4f  £  E 


/<i,  //  ,  ^  ■!  )  (  , 
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j 


(56) 


where^Jq  is  determined  by  Equation  (42b),  (43)  and  (44),  ji,.  is  given  by 
Equation  (9)  for  the  case  of  "subsonic'1  blade  design.  The  total  leakage  is 
found  from  Equation  (55)  and  the  disc -friction  loss  is  still  determined  by 
Equation  (40) . 


By  application  of  Equation  (56),  an  approximate  Ns-Ds  diagram  is 
calculated  for  a  two- stage  re-entry  turbine  of  equal  pressure  ratios  in  both 
is  and  300:1  over-all  pressure  ratio,  The  resulting  Ng-Dj  diagram 


presented  in  Figure  4,  is  valid  for  the  same  values  of  stator  angle  "Tn 


/! . ) 

/ 


number  of  blades  **  ,  aspect  ratio  [7'^J  *  and  axial  clearance  ratio  ^ 

as  the  N8-D8  diagram  for  equal  heads  in  both  stages. 
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3.  Comparison  of  Design-Point  Performance  for  Two  Stage.  . 

R^r?v  Turbines  Having  Equal  Head  or  Equal  Pressure 

Ratios  in  Both  Stages. 

3. 1  Optimum  performance 

The  optimum  performance  of  a  two -stage  re-entry  turbine  is 
presented  in  Figure  5,  where  the  cases  of  equal  head  and  equal  pressure 
ratios  are  compared.  Figure  5  illustrates  that  the  turbine  efficiency  is 
nearly  the  same  for  both  cases  for  the  low  Ns  range  |.  S  <£.  Ws  ^  3 
However,  for  the  range  of  Ns  .  3  to  100  it  can  be  seen  that  equal  pressure 
ratios  in  both  stages  result  in  higher  efficiencies.  This  is  because  there  is  less 
leakage  and  higher  percentages  of  admission  in  the  first  stage,  as  can  be 
seen  from  inspection  of  Equations  (39)  and  (55),  and  (37)  and  (51).  The  leakage 
of  both  cases  is  compared  in  Figure  6,  where  the  leakage  is  plotted  as  a  func¬ 
tion  of  the  axial  clearances  0.  005"  to  0.  030"  for  a  turbine  with  D  5  6.  3 
inches  diameter.  Finally  it  should  be  mentioned,  that  the  above  result  is 
only  valid  for  second-stage  Reynolds  numbers  that  do  not  affect  the  performance. 
In  the  case  of  low  second -stage  Reynolds  number  it  seems  desirable  to  perform 
more  work  in  the  first  stage,  where  Reynolds  number  effects  are  not  antici¬ 
pated.  However,  because  it  is  not  known  how  low  Reynolds  number  affects 
the  performance  of  partial  admission  turbines  with  high  pressure  ratios,  a 
final  answer  cannot  be  given  at  the  present  time  for  the  optimum  pressure  split 
applicable  for  low  Reynolds  number  operations. 
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3,2  Design  perfotmance  for  -Dju.i.  s2.58 

Selecting  a  typical  APU  specific  diameter  of  Ds  s  2.  58,  the 
design  performance  is  compared  in  Figure  7  for  both  cases,  equal  pressure 
ratio  and  equal  head  in  both  stages.  Nearly  the  same  trend  is  demonstrated 
as  found  in  Figure  5,  for  the  optimum  performance.  Therefore  it  seems 
to  be  advisable  to  design  two-stage  re-entry  turbines  with  equal  pressure 
ratios  in  both  stages,  when  the  turbine  is  operating  in  the  specific  speed 
range  3  £  W5 
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B.  DESIGN  OF  TEST  TURBINE 

For  verification  of  the  design-point  analysis  presented  in  Reference  (1) 
and  Chapter  A  of  this  report,  a  two-stage  re-entry  type  turbine  is  now  designed 
for  the  over-all  pressure  ratio  of  300:1.  The  design  point  is  selected  at  a  tip 
speed  to  total  spouting  velocity  ratio,  -O.'LC  .  Specifying  a  total 
specific  diameter  of  Da  s  2.58  determines  the  specific  speed  of  the  design 
point  to  be  Na  =  H.  9.  For  obtaining  a  highly  efficient  turbine  it  was  decided 
to  use  equal  pressure  ratios  in  both  stages,  as  indicated  by  Figure  7.  This 
also  seems  to  be  desirable  in  view  of  anticipated  Reynolds  number  effects 
in  the  second  stage  when  tested  with  low  back  pressure  in  the  high  altitude  facil¬ 
ity  of  Sundstrand  Turbo.  The  high  altitude  facility  is  used  to  achieve  an  over¬ 
all  pressure  ratio  of  300:1  when  testing  the  turbine  with  nitrogen  at  To,  :  7^6^ 
inlet  temperature  and  Po,  »  ^OpSIA  inlet  pressure.  The  specific  heat  ratio 
for  nitrogen  is  assumed  to  be  constant,  k  -  1-4-  ,  for  all  calculations. 

The  geometric  parameters  are  obtained  by  application  of  the  method 
outlined  in  Chapter  A,  section  2.  All  other  design  parameters  are  selected 
in  the  range  described  by  the  Ns-De  diagram  for  two -stage  re-entry  turbines 
with  equal  pressure  ratios  in  both  stages  (see  page2<?  ).  This  results  in  the 
following  design  parameters: 
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</t  =  ^2 


Blade  angle 
Stator  angle 


Number  of  blades 


Aspect  ratio 


Axial  clearance  ratio 


Blade  height-diameter  ratio 
Ratio  of  arcs  of  admission 


@  S  30° 


S  120 


/D  s  .  0008 
h/D=  ,055 
r  */«-;=  lfc 


Spacing  to  arc  of  admission  ratio  z  .  I  @>0 

of  first  stage 


Stage  pressure  ratio 


Ratio  of  nozzle  throats 


Prr » Rrj  =  n  3  -•  i 
* 11 


The  ratio  of  nozzle  throats  is  obtained  from  the  approximate  equation 


'  Ut  )fj-rfT  (/-Sm)  J  (57) 

which  is  derived  in  Appendix  C,  Equation  (C9)  to  (14)  by  combination  of  the 
continuity  equation  with  the  specific  diameter  relations  Ki  and  K.2>  defined 
by  Equations  (47)  and  (48).  Equation  (57)  neglects  interstage  leakage. 

Using  a  design  mass  flow  W  .  0.  0368  lb/s  of  nitrogen  with  T0  -  760 
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and  P0  «  90  psia  Inlet -conditions,  determines  the  turbine  speed,  N,  and 
the  turbine  diameter  according  to  the  selected  values  of  Ns  and  D0.  The 
design  speed  is  N  s  10,  000  rpm  and  the  turbine  diameter  is  D  »  6.  3  inches, 
The  final  turbine  confiugration  is  shown  in  Figure  (8).  It  can  be  seen  that 
the  first  stage  inlet  and  the  second  stage  exhaust  ports  are  located  on  the 
same  side,  as  mentioned  before  when  analyzing  the  leakage  paths.  This 
eliminates  a  so-called  cross-over  duct,  which  would  provide  parallel  flow 
in  both  stages.  However,  the  arrangement  of  opposed  flows  in  both  stages  is 
somewhat  simpler  from  the  mechanical  point  of  view,  and  is  incorporated  in 
the  present  design. 
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C,  OBJECTIVE  OF  EXPERIMENTAL  PROGRAM 

The  objective  of  the  experimental  program  is  to  investigate  the 
performance  of  the  above  described  two-stage,  re-entry  turbine  in  order  to 
determine  'as  accurately  as  possible: 

1.  Over-all  performance 

2.  Nozzle  and  rotor  performance  of  each  stage 

'I 

*  3.  Losses  in  the  re-entry  duct 

4.  Effect  of  axial  clearance  on  performance 

5.  Validity  and  range  of  application  of  theoretical  performance 
predictions  outlined  in  Chapter  A. 
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D.  APPARATUS  AND  INSTRUMENTATION 
1.  Apparatus 


I 


il 

"‘I' 


II 

,|| 

III 

y 


1. 1  The  two-stage  test  turbine  is  composed  of  a  single,  axial  flow 
type  wheel  rotating  in  a  housing  with  integrally  machined  nozzles  and  flow 
passages  which  provide  two  passes  for  the  gases  through  the  single  wheel. 
Figure  8  shows  an  exploded  view  of  the  turbine  with  all  of  the  components 
identified.  The  first  stage  collector  ring  contains  a  constant-area  plenum 
chamber  of  a  rectangular  cross-section. 

1.2  Figure  9  shows  the  complete  turbine  test  setup  installed  within 
the  altitude  chamber  to  provide  constant  ambient  conditions  around  the  test 
apparatus.  Figures  (10),  (11)  and  (12)  show  the  altitude  chamber  facility, 
the  test  chamber,  and  recording  instruments,  respectively.  Figure  9  also 
shows  the  flywheel  loading  device  which  was  later  replaced  by  the  electrical 
dynamometer,  shown  in  Figure  13. 


1.3  Reference  to  Figure  14  indicates  schematically  the  test  setup 
with  its  controls  clearly  identified.  The  throttle  valve  for  controlling  the 
nitrogen  mass  flow  rate  is  located  upstream  of  a  heat  exchanger  which  increases 
the  temperature  of  the  cold  nitrogen  to  approximately  760°R.  Loss  of  heat 
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from  the  turbine  is  controlled  by  external  insulation,  Baqk  pressure  is 
controlled  by  the  butterfly  valve  shown  in  Figure  15. 

2.  Instrumentation 

2. 1  General 

Initial  instrumentation  during  preliminary  test  runs  employed 
a  calibrated  flywheel  loading  device  for  torque  evaluation.  The  results  of 
these  tests  demonstrated  that  thermodynamic  and  blade  element  performance 
can  only  be  obtained  under  steady  state  conditions  and  not  under  dynamic;  con¬ 
ditions  necessarily  imposed  by  the  flywheel  acceleration  technique,  Further¬ 
more,  it  was  learned  that  the  thermocouples  located  near  the  second  stage 
exhaust  were  heated  under  the  influence  of  first  stage  leakage  flow  and 
internal  heat  transfer,  and  therefore  could  not  indicate  the  mean  turbine 
exhaust  temperature.  Hence,  these  thermocouples  were  moved  downstream 
to  the  location  shown  in  Figure  15  where  uniform  flow  conditions  are  expected. 

2.2  Temperature  and  pressure  measurement 

For  determining  the  thermodynamic  performance  of  the  test 
turbine,  calibrated  thermocouples  and  static  pressure  taps  were  installed 
at. stations  shown  schematically  in  Figure  14.  These  instruments  were  located 
so  as  to  evaluate  the  state  point  conditions  at 
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(1)  turbine  inlet 

(2)  first  stage  nozzle  exhaust 

(3)  first  stage  exhaust  port 

(4)  re-entry  duct 

(5)  second  stage  nozzle  inlet 

(6)  second  stage  nozzle  exhaust,  and 

(7)  turbine  exhaust  duct. 

All  instruments  were  calibrated  several  times  to  insure  accurate  measure¬ 
ment  of  the  mass  flow  rate  entering  both  stages.  Figure  16  shows  the  re¬ 
entry  duct  being  calibrated  in  the  high-altitude  chamber. 

Shielded  thermocouples  were  used  at  all  positions  where  the  flow 
direction  was  evident,  while  unshielded  probes  were  employed  at  all  other 
locations.  Pictures  of  these  thermocouples  are  presented  in  Figure  17  and 
their  description  in  Figure  18. 

The  static  pressure  was  measured  by  using  static  pressure  taps 
connected  to  pressure  transducers.  The  signals  received  from  all  twenty 
measuring  points  were  relayed  simultaneously  to  a  calibrated  Sanborn  recorder. 
The  instruments  used  and  their  accuracy  is  tabulated  in  Figure  18. 
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2.3  Torque  Measurement  * 

Torque  measurements  were  made  using  a  Wiancko  Engineering 
Company  force  ring  shown  in  Figure  17,  in  conjunction  with  an  electric  genera* 
tor  dynamometer  and  carrier  oscillator.  The  oscillator  serves  as  a  power 
source  to  the  deflection-measuring  force  ring.  The  deflection  is  translated 
into  millimeter  deflection  readings  on  a  Sanborn  Recorder  by  a  demodulation 
unit.  The  force  ring  has  a  range  of  £  20  lbs  with  an  accuracy  of  0.  5%,  and 
is  placed  at  a  radius  of  10  inches  giving  a  range  up  to  £  200  in-ibs.  The 
Sanborn  recorder  has  an  accuracy  of  2%  full  scale. 

2.4  Wheel  Speed 

The  wheel  speed  was  measured  by  a  magnetic  pickup  using 
two  lobes  on  a  coupling.  A  Hewlett  Packard  Counter  with  a  range  of  0-99,999  cpa 
999  cps  was, used.  Its  accuracy  is  1,0%. 


2.5  Mass -flow 

The  mass -flow  rate  is  measured  upstream  of  the  heat  exchanger 
■using  an  orifice  meter  as  shown  in  Figure  18.  The  orifice  meter  is  built  by 
the  Barton  Instrument  Corporation  and  perfoi-ms  according  to  the  ASME  Power 
Code  as  determined  by  several  calibration  runs, 
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ff.  ANALYSIS  AND  DISCUSSION  OF  EXPERIMENTAL  RESULTS 
L  Over-all  Performance 

The  over-all  performance  of  the  two  stage  re-entry  tufblne  is 
obtained  by  measuring  torque,  speed,  static  pressure  and  total  temperature 
at  turbine  inlet  and  exhaust.  The  performance  evaluated  by  torque  measurer* 
ments  is  described  by  the  dimensionless  torque  coefficient 


t  = 


T 


(%)-0  -Co  <5S> 

which  determines  the  over-all  turbine  efficiency  according  to  the  relation 


flr  -  ^  • r-  •  Vc<> 


(59) 


The  measured  torque  coefficients  are  presented  in  Figure  19  as  a  function 
of  U£0  ,  Two  test  curves  are  shown,  one  obtained  for  the  axial  clearance 
C^O.OOS"  an(*  one  *or  axial  clearance  C.  "'~0.  0/7  11  .  Both  curves  are 

straight  lines.  The  curve  for  the  axial  clearance  C%O,0dS‘'  shows  torque 
coefficients  about  six  percent  higher  near"  the  design  point  ,  2.0 

The  respective  turbine  efficiencies  are  calculated  for  both  clearances 
according  to  Equation  (59)  and  are  plotted  as  a  function  of  (  %  )  in  Figure  20. 
For  clearance  (f*0.005>'  it  can  be  seen  that  the  efficiency  of  the  design  point 
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U/cb  B 0,10  amounts  to  about  ffr  *  0.  55~  ,  while  the  peak  efficiency 

0CCV*4  at  %  *0*^0  with  an  efficiency  of  /ff  =0.^5  *  For  C  -O-OH 

the  design  point  efficiency  is  about  while  the  peak  efficiency  is 

shown  to  be  about  //  =■  0.  59  at  --G.^O  ■  The  measured  turbine  per- 

formance  for  C*'0,COS"ie  finally  compared  with  the  preliminary  performance 
prediction  of  the  Ns-Ds  diagram  presented  in  Figure  4,  The  predicted  per- 
forirmnce  curve  i.  obtrined  for  Ds  «  2.  58  and  is  plotted  versus  Vc,  in 
Figure  20.  Comparison  of  this  curve  with  the  test  performance  reveals  that 
the  design  point  efficiency  is  about  ten  efficiency  points  lower  than  the  pre¬ 
dicted  efficiency  .  Generally  it  can  be  seen  that  the  actual  performance  is 
less  than  anticipated.  This  might  be  due  to  increased  leakage,  less  efficient 
nozzle  and  blade  performance,  increased  duct  losses  and  some  measuring 
errors.  In  order  to  determine  the  main  sources  of  additional  losses,  not 
accounted  for  by  the  preliminary  analysis  presented  in  Chapter  A,  the  turbine 
was  instrumented  in  such  a  manner  that  the  performance  of  all  components 
could  be  determined.  Their  measurements  and  their  evaluation  are  discussed 
in  the  following  sections.  Measuring  errors  may  be  estimated  by  comparison 
of  the  torque  efficiency  with  the  temperature  or  internal  over-ail  efficiency/^* 


which  is  defined  as 
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The  static  temperature  %  is  approximated  by  the  total  temperature  X4  • 
This  seems  reasonable  in  view  of  the  low  velocity  expected  at  the  measuring 
station  shown  in  Figure  15,  Both  efficiencies  are  compared  in  Figure  21. 

It  can  be  seen  that  the  temperature  efficiency  agrees  nearly  exactly  with 
the  torque  efficiency  for  the  design  point  +  0*20  .  However,  for 

off  design  values  it  is  indicated  that  the  temperature  efficiency  is  higher 
than  the  torque  efficiency  .in  the  range  ®*  2'0  and  lower  for  the  range 

Ufe  yOt%£>  .  This  might  be  due  to  errors  introduced  by  electronic  meas¬ 
uring  instruments  or  shifts  of  the  calibration  contstants,  non-uniform 
velocity  distribution,  heat-transfer  effects,  etc.  However,  it  is  demonstrated 
for  the  design  point  ^  =  O.ZO  ,  that  both  efficiencies  agree  well.  There- 
fore,  it  can  be  concluded  that  quite  accurate  measurements  are  obtained  for 
the  range  close  to  the  design  point.  For  all  other  performance  points  it  is 
found  that  the  temperature  efficiency  deviates  up  to  5%  from  the  torque 
efficiency.  The 'performance  curve  of  the  temperature  efficiency  also  does 

f 

not  follow  the  trend  of  the  torque  efficiency  which  seems  to  follow  a  similar 
curve  as  presented  by  the  theoretical  performance  curve.  In  viewof  this 
fact,  it  was  decided  to  use  only  torque  efficiencies  for  further  analysis  and 
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l.  Leakage  Measurement9 

The  leakage  i.  determined  by  measuring  the  difference  in  mas. 
flow  between  the  .ire,  and  eecnnd  .tage  nosale  inlet..  For  .hi.  pnrpo.e  1.  wa. 
necessary  to  calibrate  the  first  ..age  noa.1.  and  the  re-entry  duct  a.  accurately 
as'possibla.  Tbi.  was  done  ueing  a  caiibrated  orifice,  which  served  as  a 
reference  instrument.  The  mas.  flow  through  each  node  wa.  then  calculated 
by  using  the  choked  flow  relation  given  by  Ration  (12)  which  ha.  to  be  modi- 
fied  by  the  mea.ured  calibration  con.tant,  which  amount,  to  about  0.  96  to 

o.  ,8.  The  total  leakage,  occurring  b.tweenbo.h  stage.  ,  i.  pre.ented  in 

,  This  curve  is  valid 

Figure  22  as  a  function  of  the  speed  parameter  /to 

for  the  axial  clearance  £**0.003"  and  the  over-all  pressure  ratio  300:1. 
fn.pec.ion  of  Figure  22  reveal,  that  the  total  leakage  appranetly  con.l...  of 
two  component.,  one  dependent  on  the  speed  parameter  <VC,  and  one  in¬ 
dependent  of  it.  The  speed  dependent  leakage  is  called  "dynamic  leakage" 
and  the  speed  independent  leakage  value  is  described  a.  "static  leakage". 

Both  component,  of  the  total  leakage  are  investigated  as  indicated  below. 


2. 1  Static  leakage. 

The  static  leakage  was  mea.ured  during  stall  conditions,  in 

,  ,  u  makes  it  possible  to  correlate  the  leakage 

the  high  altitude  chamber.  This  makes  it  poss^ 

during  dynamic  conditions.  The  measured  amount  of 


measurements  obtained  d 
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"static  leakage"  is  presented  in  Figure  23,  where  the  leakage  flow  expressed 
as  a  ratio  of  the  leakage  to  total  inlet  mass  flow  is  plotted  against  the  axial 
clearance,  £  *  The  leakage  values  were  obtained  by  changing  the  clear¬ 

ance  between  rotor  and  first  stage  nozzle  from  C^.OO  I  to  C*-0.  D/7" 
During  all  these  tests  the  clearance  remained  unchanged  on  the  other  side 
of  the  rotor.  That  clearance  amounted  to  C^-O.OCS" .  The  tip  clearance 
was  kept  constant  during  all  test  runs  with  Cf  'C.GOfe  '  ,  Figure  23 

demonstrates  that  the  leakage  passes  mainly  through  the  clearance  gap  be¬ 
tween  rotor  and  first  stage  nozzle  exhaust  section,  while  leakage  is  found 

I 

negligible  on  the  other  side  of  the  rotor.  The  small  amount  of  leakage  shown 
for  C  -0  in  Figure  2  3  can  be  explained  as  tip  leakage.  The  above 
finding  indicates  that  the  static  leakage  flow  is  lost  entirely  for  turbine  con¬ 
figurations  with  opposed  flow  conditions  in  both  stages,  as  assumed  by  the 
preliminary  leakage  analysis  of  Reference  (1)  and  of  this  report. 

inspection  of  Figure  23  also  reveals  that  the  static  leakage  varies 
linearly  with  changing  axial  clearance  gap,  C*  ,  as  predicted  by  Equation  (39) 
and  (55),  for  constant  over-all  pressure  ratio.  However,  it  is  noticed  that 
the  "static  concept"  underlying  both  Equations  (39)  and  (55)  does  not  explain 
satisfactorily  the  measured  leakage  values.  For  this  purpose  the  leakage  values 
indicated  for  equal  head  and  .equal  pressure  ratios  are  compared  with  the  meas- 
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ured  amount  of  leakage  in  Figure  24.  It  can  be  seen  that  the  values  obtained 
for  the  case  of  equal  head  are  about  32  percent  lower  and  those  calculated 
for  equal  pressure  in  both  stages  are  about  50  percent  lower  than  the  actual 
amount  of  leakage. 


Because  the  predicted  leakage  for  equal  pressure  ratio  in  both  stages 
is  far  less  than  the  actual  measured  amount  of  leakage,  it  is  necessary  to 
check  the  static  pressure  variation  inside  the  turbine  for  the  design  point 
u/c0  s  0.  20.  This  is  done  in  Figure  25  where  the  actual  static  pressure  vari¬ 
ation  inside  the  turbine  is  compared  with  the  static  pressure  variation  pre¬ 
dicted  by  the  design  method.  The  dashed  curve  denotes  the  design  values  and 
the  solid  curve  the  actual  test  values  which  are  obtained  for  the  design  point 
u/cQ  *  0.  20  and  for  one  lower  and  one  higher  value.  It  can  be  seen  that  the 
static -to- inlet  total  pressure  ratio  is  plotted  at  measuring  stations  (1)  to  (6). 
Measuring  station  ({  is  at  the  nozzle  inlet  of  the  first  stage,  station  (2)  deter¬ 
mines  measurements  at  the  nozzle  exhaust  or  rotor  inlet  of  the  first  stage, 
station  (3)  is  the  exhaust  station  of  the  first  stage  and  the  inlet  to  the  re-entry 
duct,  station  (4)  denotes  the  exhaust  of  the  re-entry  duct  or  the  inlet  to  the 
second  stage  nozzle,  station  (5)  is  the  nozzle  exhaust  station  of  the  second 
stage  and  the  rotor  inlet  of  the  second  stage  and  station  (6)  represents  the 
exhaust  of  the  second  stage. 
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Taking  the  design  value  u/c0  =  0.20  which  is  represented  by  circles,  it 
can  be  seen  that  the  static  pressure  vaiation  of  the  design  point  is  very  dose 
to  the  design  static  pressure  variation  The  same  is  true  for  the  other  values 
u/cQ  s  0,  18  and  u/cQ  *  0.219,  The  best  correlation  is  found  for  the  design 
point  The  respective  curve  indicates  a  small  amount  of  reaction  in  the  first 
stage  and  nearly  negligible  reaction  in  the  second  stage.  However,  this  might 
be  due  to  leakage  through  the  clearance  gap  which  allows  the  jet  to  expand  by- 
yond  the  values  measured  at  station  (2).  The  duct  losses  appear  to  be  small 
as  do  the  losses  occurring  between  nozzle  and  inlet  to  the  second  stage,  A 
similar  trend  is  found  in  Figure  26  for  the  off-design  performance  determined 
by  the  speed  parameter  values  u/c0  =  0,  08  and  u/c0  =  0.  240,  However,  de¬ 
viations  are  apparently  occurring  in  the  first  stage  while  the  second  stage  is 
performing  closer  to  the  design  values.  At  the  lower  value  of  u/cQ  some 
shock  losses  apparently  occur  in  the  turbine  rotor,  while  at  u/c0  =  0,24  the 
same  trend  is  indicated  as  for  the  design  point  shown  in  Figure  25.  Altogether, 
it  can  be  concluded  that  the  test  turbine  is  performing  closely  to  the  design 
values  of  static  pres  sure  variation  inside  the  turbine.  The  refore,  equations 
based  on  equal  pressure  ratios  in  both  states  have  to  be  used  to  calculate  and 
analyze  the  measured  amount  of  leakage.  Looking  at  Figure  24  it  can.  be  seen 
that;  the  leakage  prediction,  according  to  Equation  (55}  is  about  50  percent  less 
than  the  actual  value.  Equation  (55)  is  derived  for  equal  pressure  ratios  in 


fllJlMDSTRAND  TURBO 


DIVISION  or  SUNDS'TRAND  CORPORATION 


s/TD  No  1735 

hit  f  Jk  JU*  AlW*  *  I  «|k# 


30  January  I960 
Page  46 

both  stages.  The  difference  between  predicted  and  actual  measured  value  of 
leakage  can  only  be  explained  if  supersonic  velocities  occur  in  front  of  the 
tangential  leakage  area  in  the  direction  of  rotor  rotation,  because  in  this  case, 
normal  or  oblique  shocks  can  occur  in  front  of  the  leakage  area  through  which 
flow  can  only  pass  with  sonic  velocity.  This  leads  to  a  higher  pressure  level 
and  density  level  in  front  of  the  leakage  areas  than  measured  in  the  nozzle 
jet  itself.  Therefore,  it  seems  logical  that  a  larger  amount  of  leakage  passes 
through  the  leakage  area  in  the  tangential  direction,  To  account  approxi¬ 
mately  for  this  very  complex  effect,  it  is  assumed  that  total  conditions  are 
predominant  in  the  direction  of  the  tangential  jet  component  while  static  con¬ 
ditions  are  still  used  in  the  opposite  direction.  ThiB  concept  leads  to  the  fol¬ 
lowing  equation  for  predicting  the  actual  measured  leakage  value.  It  also  in¬ 
cludes  the  tip  leakage. 


Equation  (6 1 )  is  of  similar  structure  as  the  leakage  Equations  (39)  and  (55), 
The  only  difference  is  that  two  functions  are  introduced  F  ^  and  ¥  ^  which 
describe  static  or  total  flow  conditions  in  front  of  the  respective  leakage 
areas.  Furthermore,  the  tip  leakage  is  added  to  Equation  (6 1 )  The  function 
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denote#  static  conditions  and  the  function  F2  determines  the  total  condi¬ 
tions  in  the  tangential  direction.  The  leakage  function  is  determined  by 
the  following  equation: 


(62)  q 


M.2  is  the  design  Mach  number  of  the  first  stage  nozzle  and  is  calculated  by 
the  well  known  relation 


The  leakage  function  F2  includes  the  nozzle  coefficient  (jl  N  and  the  nozzle 
angle^f  as  can  be  seen  from  the  following  expression  which  is  derived  in 
Appendix  D,  equation  (£12)  to  (£14)  (see  page  47a) 

The  leakage  function  Fj  is  plotted  versus  the  nozzle  design  pressure  ratio 
/Esi-^in  Figure  27,  Two  curves  are  presented,  one  for  the  ratio  of  the 
specific  heat  equal  to  K  *  1*4  and  the  other,  K,  =  1.28.  Both  curves  nearly 
coincide  for  the  higher  pressure  ratios.  Figure  27  Illustrates  quite  im¬ 
pressively  that  the  static  leakage  decreases  with  increasing  pressure  ratio 
of  the  first  stage,  a  fact  known  from  general  turbine  practice.  Figure  27 
illustrates  the  behavior  of  the  leakage  function  F 2,  which  describes  the  total 
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condition  in  front  of  the  leakage  area  normal  to  the  tangential  jet  velocity 
component  of  the  first  stage.  Again,  two  curves  are  calculated  for  the 
different  specific  heat  ratios  in  the  range  of  1.  28  to  1.  4.  The  nozzle 
coefficient  is  assumed  to  be(^N  *  0.  96,  Furthermore,  a  constant  nozzle 
angle  ofe^.  ■  20,  5  degree  was  used  for  evaluating  the  function  F^.  Com¬ 
parison  of  Figure  28  and  27  demonstrate  that  "total  conditions'1  will  in¬ 
crease  the  leakage  to  nearly  the  amount  indicated  in  Figure  24,  Finally, 
Equation  (6 1)  is  combined  with  Equation  (50),  (53)  and  Equations  (47)  to 
(49),  this  results  in  a  general  NSDS  relation  for  predicting  leakage  in  high 
pressure  ratio  turbines,  as  can  be  seen  from  the  following  equation. 


'  4  •  (it  )["(^-)  ^ - — 


(65) 


l  l'TT>Ki 

0 *  %] 


Since  supersonic  velocities  are  occurring  at  the  exhaust:  of  the  first  stage 
nozzle  in  a  tangential  direction,  the  above  outlined  concept  is  applied  to 
the  test  turbine  with  equal  pressure  ratios  in.  both  stages.  Evaluation  of 
Equation  (65)  results  in.  an  excellent  correlation  of  theoretical  predictions 
and  actual  test,  values.  It  is  found  that  the  test  points  can  be  matched  with 
the  theory  when  the  restriction  factor  is  adjusted,  to  Cf  ■  2/3  to  account 
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for  leakage  in  the  radial  and  tangential  directions.  This  restriction  factor 

*  . 

is  predicted  in  Reference  (1)  and  is  a  common  factor  employed  in  leakage  , 

calculations.  The  restr  iction  factor  attributed  to  the  tip  leakage  a- 

mounts  to  C,  *  l/3.  This  might  be  due  to  the  fact  that  the  circulation  die- 
FT 

tribution  in  the  cascade  somehow  restricts  the  leakage  across  the  top  of  the 
blade.  Also,  boundary  layer  effects  as  well  as  separation  phenomena  may 
cause  a  restriction  of  the  tip  leakage  flow.  In  the  case  of  high  taming  im¬ 
pulse  blades,  it  is  noted  that  the  radial  pressure  gradient  is  quite  large  and 
three-dimensional  radial  flows  will  occur,  which  might  result  in  lower  leak¬ 
age  values.  However,  all  these  very  complex  phenomena  are  not  investigated 
in  this  report,  as  mentioned  before.  Such  phenomena  have  to  be  studied  in 
cascade  tunnels  and  other  arrangements  where  the  flow  can  be  made  visible 
and  where  the  pressure  gradient  can  be  studied  as,  for  example  in  the  work 
presented  in  Reference  8.  Finally,  it  should  be  mentioned  that  Equation  (65) 
neglects  leakage  on  the  other  side  of  the  rotor,  This  is  the  radial  and  tan¬ 
gential  leakage  through  the  clearance  gap  between  re-entry  duct  and  rotor. 

The  reason  for  this  was  outlined  before  and  can  be  seen  from  Figure  23.  It 
was  found  during  stall  tests  that  the  leakage  can  be  explained  by  tangential 
and  radial  leakage  between  first  stage  nozzle  and  rotor  as  well  as  tip  clear¬ 
ly  *■„  The  small  amount  of  leakage  for  zero  axial  clearance  between  first 
stage  and  rotor  Is  found  to  be  the  amount  predicted  by  the  tip  leakage  equation. 
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Therefore,  it  is  indicated  that  no  leakage  occurs  on  the  other  side  of  the 
wheel  during  static  tests.  An  explanation  for  this  finding  may  be  stipulated 
by  considering  the  case  where  supersonic  velocities  are  involved  at  the  ex¬ 
haust  of  the  first  stage  rotor.  In  this  case  leakage  seems  not  to  occur  ber¬ 
ceuse  total  conditions  in  the  tangential  direction  are  existing  simultaneously 
at  the  exhaust;  of  the  first  stage  and  in  the  opposite  direction  at  the  exhaust 
of  the  second  stage  nozzles.  When  we  assume  that  duct  losses  and  nozzle 
losses  are  comparatively  small,  it  seems  to  be  logical  that  leakage  may  not 
occur.  The  next  step  is  now  to  correlate  the  leakage  measured  under  stall 
conditions  with  the  total  amount  of  leakage  measured  during  turbine  operation 

as  shown  on  Figure  22.  From  Figure  (22)  it;  can.  be  seen  that  the  leakage  in- 

•  »  . 

creases  above  the  static  value  sho'"n  for  u/c.  -  0  with  increasing  values  of 
u/c0.  This  apparently  is  due  to  dynamic  leakage.  The  dynamic  leakage  is 
discussed  in  the  following  section. 

2,  2  Dynamic  Leakage 

Dynamic-leakage  is  apparently  caused  by  an  amount  of  fluid 
from  the  first;  stage 

A  V/d  '  Co  *  X-  ’J0  *  k.  •  c  *  W 
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which  is  trapped  in  the  blade  passage.  Considering  that  vacuum  cannot 
exist  in  a  blade  passage  of  a  partial  admission  turbine,  it  seems  obvious 
that  dynamic  leakage  will  always  occur  regardless  how  large  the  exhaust 
port  is,  The  dynamic  leakage  expressed  as  a  ratio  of  the  total  mass  flow 
can  be  determined  by  the  following  relation; 

(%)■&}(%)  +  16711 

which  may  be  expressed  in  form  of  the  basic  design-parameters  N„D#  and 
,  resulting  in  the  following  equation, 


•  '  %  5t*+l-t'TT 

^  denotes  the  blade  density  ratio  and  Cj->  is  a  restriction  factor  which 
might  depend  on  exhaust  geometry  and  second  stage  inlet  pressure.  The 
test  result  in  Figure  22  agrees  nearly  with  Equation  (67)  when  using  the 
measured  blade  density  ratio  of  the  rotor, ^  «  0.  60.  In  this  case  it  is 
found  that  the  restriction  factor  CD  amounts  to  about  Cp  v  0.  35,  At  this 
point  it  might  be  mentioned  that;  a  similar  number  for  the  restriction  factor 
was  found  when  evaluating  the  performance  of  a  terry-drag  turbine  as  shown 
in  Reference  (9),  Therefore,  it  is  indicated  that  the  restriction  factor 
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seems  to  be  a  constant.  Inspection  of  Equation  {67}  reveals  that  the  dynamic 

leakage  will  increase  linearly  withu/c0  for  a  given  pressure  split  between 

first  and  second  stage.  The  pressure  split  is  expressed  in  Equation  (67) 

Col 

by  the  spouting  velocity  ratio  /<rc 7  *  It  can  be  seen  that  dynamic  leakage 

will  decrease  with  an  increasing  spouting  velocity  of  the  first  stage.  Finally 
it  should  be  mentioned  that  the  dynamic  leakage  for  the  design  point  u/cn 
is  nearly  the  same  amount  as  the  static  leakage.  Inspection  of  Figure  (22) 
indicates  that  about  10  percent  leakage  is  occurring  at  the  design  point  of 
u/co  *  0.20.  This  high  amount  of  leakage  was  not  included  or  predicted 
by  the  design  and  analysis  method  outlined  in.  Reference  (1),  and  in  Chapter 
A  of  this  report.  In  summary,  it  can  be  seen  that  the  measured  amount 
of  leakage  shown  in  Figure  22  is  predictable  by  combining  Equation  (65) 
and  (67).  However,  it  has  to  be  mentioned  that  the  assumption  of  negligible 
leakage  between  first  stage  exhaust  and  re-entry  duct  is  only  valid  for  the 
case  of  small  values  of  u/cQ  when  the  velocity  vector  of  the  leaving  fluid 
is  close  to  the  direction  of  the  relative  velocity,  because  only  in  this  case 
a  cancellation  might  be  assumed  for  the  tangential  components  of  the  leaving 
velocity  of  the  first  stage  and  the  tangential  component  of  the  noasale  jet 
of  the  second  stage.  In  all  other  cases,  some  static 
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leakage  might  occur  which  could  not  be  detected  during  static  test  or  under 
r uniting  conditions,  For  this  amount  of  leakage,  which  might  occur  between 
rotor  and  re-entry  duct  and  which  has  done  work  in  the  first  stage,  it  is 
assumed  for  simplification  of  later  calculations,  that  the  amount  of  work 
done  in  the  first  stage  cancels  losses  caused  by -the  leakage  amount  when 
passing  through  the  clearance  gap  in  tangential  and  radial  directions  as  well 
when  joining  the  nozzle  jet  of  -  the  second  stage.  Using  this  concept  Equation 
(65)  will  be  used  for  determining  the  static  leakage,  which  occurs  only  be¬ 
tween  first  stage  nozzle  and  rotor.  This  amount  of  leakage  is  lost  entirely 
for  the  turbine.  The  same  is  assumed  in  the  case  of  the  dynamic  leakage, 

The  last  assumption  was  based  on  detailed  calculations,  investigating  what 
amount  of  work  could  be  done  by  the  dynamic  leakage  involved.  It  is  indi¬ 
cated  very  complex  flow  phenomena  occur  which  cannot  be  accounted  for  by 
the  simplified  theories  as  presented  herein.  It  is  suggested  that  further 
analysis  and  tests  are  to  be  conducted  in  later  tasks  to  evaluate  secondary, 
flow  effects  and  phenomena  similar  to  the  "dynamic  leakage"  which  effect 
the  over -all  turbine  performance. 

3,  Duct  Losses 

Several  static  pressure  and  total  temperature  probes  were  lo¬ 
cated  along  the  periphery  of  the  re-entry  duct  for  measuring  the  losses  in  total 
pressure.  The  total  temperature  was  found  to  be  constant  throughout  the 
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duct.  This  indicates  negligible  internal  heat  transfer.  However,  static 
pressure  probes  instead  of  total  pressure  probes  could  only  be  installed 
in  the  duct.  Therefore,  only  an  approximate  method  can  be  employed  for 
evaluating  the  duct  losses.  Furthermore,  it  should  be  mentioned  that  the 
drop  in  static  pressure  through  the  duct  is  measured  between  station  (3) 
and  station  (4).  At  station  (3)  a  total  pressure  probe  and  a  static  pressure 
tap  is  located.  Station  (4)  ,  however,  consists  of  several  manifolded  pres¬ 
sure  taps  located  around  the  periphery  of  the  duct  together  with-total  temp¬ 
erature  probes  also  manifolded  together.  It  was  found  that  the  correlation 
between  the  mass  flow  measured  by  the  reference  orifice  meter  and  the 
several  probes  located  around  the  periphery  could  only  be  obtained  satis¬ 
factorily  when  manifolding  these  probes  together.  In  view  of  this  fact,  it 
is  nearly  impossible  to  separate  losses  occurring  during  turning  of  the  flow 
from  the  axial  direction  to  the  direction  of  the  circumferential  duct  from  the 
losses  occurring  due  to  friction  along  the  walls.  However,  to  estimate  the 
losses,  two  methods  are  presented.  The  first  one  assumes  that  the  turning 
loss  might  be  neglected  and  friction  losses  are  predictable  by  means  of  the 
laws  of  friction  on  rough  walls.  The  second  method  assumes  laminar  flow 
in  the  re-entry  duct  and  accounts  later  for  the  turning  losses. 
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First,  the  case  of  negligible  turning  losses  is  presented.  The  assum- 
tion  of  negligible  turning  losses  is  based  on  the  fact  that  the  exhaust  port  of 
the  first  stage  is  about  two  times  larger  than  the  area  necessary  for  the 
leaving  amount  of  fluid.  This  indicates  that  the  leaving  flow  of  the  first  stage 
decelerates  immediately  and,  therefore,  low  velocities  occur  during  turning 
of  the  flow  to  peripheral  direction.  Comparison  of  the  exhaust  port  area  with 
the  average  inlet  area  to-the  peripheral  duct  also  indicates  that  some  accelera 
tion  will  take  place  during  turning.  In  this  case  it  is  found  by  several  investi¬ 
gators,  for  example  Reference  (10),  that  turning  losses  are  small,  because 
boundary  layer  separation  effects  are  suppressed  by  accelerating  flow.  Next, 
an  average  constant  velocity  through  the  duct  is  assumed.  The  losses  are 
then  determined  by  the  total  pressure  loss  coefficient 


where  Pj  denotes  the  static  pressure  of  the  inlet  and  P4  the  static  pressure 
at  the  exit  of  the  duct.  PQ3  is  the  total  pressure  at;  the  inlet  station.  Since 
the  total  pressure  loss  coefficient  is  directly  proportional  to  the  static  pres¬ 


sure  loss  coefficient 


(69) 
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the  latter  i»  used  primarily  for  detailed  Investigations.  The  measured 
static  loss1  coefficients  are  presented  in  Figure  31  and  are  compared  with 


tips  ".theoretical  static  pressure  coefficient  defined  as 

cM  ■  *„;j« 

r*  j 


7 


(70) 


Equation  (70)  assumes  total  loss  of  the  dynamic  head  at  the  rotor  discharge. 
M3  is  the  absolute  rotor  discharge  Mach  number  which  Is  evaluated  approxi¬ 
mately  by  use  of.the  total  discharge  temperature  TQ^  and  estimated  values 
of  nozzle  coefficient  and  blade  coefficient 


(%->  S-«^3 


(71) 


The  discharge  angle  of  the  rotor  is  found  from  the  relation, 


3  =  Gsf 


(72) 


For  .valuation  of  Option  (72)  value,  of  *  0.  92  and  ^  =  0.  78  *«r. 
used  as  first  approximations.  The  resulting  discharge  Mach  numbers  are 
plotted  versus  u/cq  and  are  presented  in  Figure  29,  indicating  mainly  sub¬ 
sonic  flow  In  the  re-entry  duct.  The  theoretical  pressure  loss  coefficient 
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ia  then  obtained  from  Equation  (70)  and  it  compared,  wth  the  test  result  in 
Figure  32.  Inspection  of  this  diagram  indicates  that  the  duct  losses  are 
apparently  smaller  then  assumed  in  the  analyses  of  Reference  1  and  in 
chapter  (A)  of  this  report,  where  it  was  also  assumed  that  the  dynamic  head 
at  rotor  discharge  is  lost  entirely  in  the  duct.  To  illustrate  the  percentage 


difference  from  the  total  dynamic  head  a  recovery  factor 


Cv  *  l 


C 


£21 


CP. 


(73) 


was  defined  and  Is  presented  in  Figure  33  for  the  turbine  speeds  of  interest. 


It  can  be  seen  that  for  the  design  point  u/c0  ■  0.  20  only  half  the  total 
dynamic  head  is  lost.  The  total  to  total  efficiency  of  the  first  stage  can  now 
be  calculated  by  use  of  the  following  equation; 


which  corrects  the  total  to  static  efficiency  to  total  conditions.  C  i*  de¬ 
fined  by  Equation  (68).  The  static  to  total  pressure  ratio  P3  needed  for 

W" 

Po3 

evaluation  of  Equation  (68)  was  already  calculated  for  the  discharge  Mach 
number  Mj. 
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The  duct  losses  presented  in  Figure  32  indicate  that  the  losses  de¬ 
crease  slightly  'with  increasing  u/c^  This  seems  to  be  due  to  small  turn¬ 
ing  losses  which  are  neglected  by  this  method. 

The  losses  caused  by  friction  are  found  to  be  predictable  by  the 
following  relation  derived  in  Appendix  E; 

where 

f  c  friction  coefficient 
L  s  duct  length 
rh=  hydraulic  radius 
Lt  s  total  leakage  area 
A3s  flow  area  at  duct  inlet 
A4s  constant  duct  area 
Fr  s  velocity  function 

C  s  theoretical  pressure  loss  coefficient 
Pst 

3=  rotor  discharge  angle 

The  velocity  function  FCm  accounts  for  the  decreasing  velocity  with 
the  channel- length  due  to  mass  flow  leaving  through  each  nozzle.  A  linear 
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velocity  ’function  was  assumed  for  determining  an  average  duct  velocity 


(76) 


where  Zjy  denotes  the  number  of  nozzles  of  the  second  stage. 


Equation  (75)  is  derived  in  Appendix  E,  Equation  (£8)  to  (E14). 
Application  of  Equation  (75)  shows  that  the  test  curve  of  Figure  32  agrees 
exactly  with  this  equation  when  using  a  friction  coefficient  on  the  order  of 
£  s  0,  02  to  0.  025.  The  average  Reynolds  number  of  the  duct  amounts  to 


about  Rft  is  5  x  104.  For  this  case,  friction  coefficients  of  f  ■  0.  02  are 
predicted  for  rough  walls  in  Reference  (10).  Therefore,  it  seems  possible 
louse  the  assumption  of  negligible  turning  loss,  which  results  in  good  corre¬ 
lation  between  test;  results  and  the  approximate  theoretical  prediction.  How¬ 


ever,  the  measured  duct  losses  may  also  be  explained  when  assuming  lami¬ 


nar  flow  through  the  duct.  In  this  case  the  friction  coefficient  can  be  calcu 
lated  according  to  the  relation 


.  osr. 37 


(77) 


Which  is  quoted  by  Reference  (il)  for  ducts  of  rectangular  or  square  cross 
area.  In  this  case  it  can  be  seen  from  Figure  33 that  the  friction  loss  is 


quite  small  and,  therefore,  that  the  turning  loss  is  the  largest;  source  of 
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static  pressure  loss.  The  turning  loss  can  be  calculated  according  to  the 
simple  relation 


which  assumes  that  the  turning  loss  is  directional  proportional  to’  thb  flow 
angle </*  }  as  indicated  in  Figure  30.  For©/.  *  0,  when  the  velocity  is  in 
the  direction  of  the  duct,  the  turning  loss  is  zero. 

Combining  Equation  (75)  with  (77)  and  (78)  results  in  good  correla¬ 
tion  between  test  results  and  the  prediction  of  turning  loss  and  friction  losses, 
as  shown  in  Figure  33. 

In  summary,,  two  concepts  of  approximate  nature  are  presented  to 
discuss  the  duct  losses.  Both  concepts  were  able  to  correlate  the  measured 
losses.  However,  in.  reality  it  is  indicated  that  laminar  flow  will  not  be  pre¬ 
dominant  throughout  the  whole  duct  on  one  side  and  that  turning  LosseJj  cannot 
be  neglected  on  the  other  side.  Therefore,  it  might  be  concluded  that  the  duct 
losses  may  be  predicted  by  an  average  value  from  the  application  of  both  con¬ 
cepts,  which  means  that  the  turning  loss  is  somewhat  smaller  than  indicated 
in  Figure  33  and  the  friction  loss  is  not  as  high  as  shown  in  Figure  31, 
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In  conclusion,  it  can  be  seen  that  the  assumption  of  total  loss  of  the 
dynamic  head  of  the  first  stage  is  somewhat  conservative  for  the  present 
case,  However,  it  is  found,  for  the  second  stage,  that  the  dynamic  head  is 
lost  entirely  in  the  duct  as  shown  in  Flgpre  15.  Therefore,  it  still  may  be 
convenient  to  use  the  assumption  of  loss  of  total  dynamic  head  at  both  rotor 
discharge  stations.  The  error  introduced  will  be  less  than  one  to  two  points 
in  turbine  efficiency, 


4.  Nozzle  Performance 

The  performance  of  turbine  nozzles  is  usually  represented 
by  the  nozzle  or  velocity  coefficient^  j,j,  the  ratio  of  the  mean  gas  velocity 
at  the  exit  of  the  nozzle  to  the  velocity  if  the  flow  were  Isentropic.  The  mean 
velocity  is  defined  as  the  mass  averaged  velocity,  and  the  velocity  coefficient 
(Jj  N  is  determined  according  to  the  following  equation 

i  h  fC'd*/ 1  (VQ\ 


C 


The  nozzle  coefficient  can  be  obtained  by  measuring  the  values  of  the  mass 
flow  together  with  the  reaction  force  on  the  nozzle  (Reference  5)  or  by  mea¬ 
surements  of  the  distribution  of  the  total  pressure  in  the  exit  plane,  from 
which  the  mean  velocity  can  be  calculated,  However,  for  the  present  tur- 
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bine  thpfiguration,  the  nozzle  coefficient  could  not  be  evaluated  by  applica¬ 
tion  of  the  methods  mentioned  above,  because  reaction  test  facilities  for  tur¬ 
bine  nozzles  were  not  available.  A  total  pressure,  survey  at  the  nozzle  ex¬ 
haust  station  was  not  feasible  in  view  of  the  small  dimensions  involved  and 
the  lack  of  special  total  pressure  probes  calibrated  accurately  for  high 
Mach  number  conditions.  Therefore,  it  was  necessary  to  adopt  an  approxi¬ 
mate  method  for  estimating  the  nozzle  performance  during  static  and  dynamic 
conditions.  The  approximate  method  if  based  on  the  assumption  that  a  nearly 
uniform  velocity  profile  exists  at  the  nozzle  exhaust  section  B-B  as  shown  in 
Figure  34.  The  section  B-B  is  parallel  to  the  throat  section  A-A.  The  above 
assumption  should  be  valid  for  the  design  point  performance  for  which  nozzle 
coefficients  of  YV  .  92  to  .  96  are  commonly  measured  and  predicted  by 
Reference  (5).i  In  addition,  it  is  found  to  be  valid  for  the  design  point  that 
shock  waves  disturb  the  nozzle -jet  only  beyond  the  nozzle  section  B-B  (Refer¬ 
ence  (8)  ),  This  is  also  true  for  small  deviations  from  the  design  perform¬ 
ance  as  indicated  in  Reference  (4).  In  the  case  of  uniform  flow  the  nozzle  co¬ 
efficient  can  be  obtained  by  measuring  the  total  to  static  pressure  ratio  be¬ 
tween  nozzle  inlet  and  the  nozzle  exhaust  section  B-B  where  one  static  pres¬ 
sure  tap  Is  located  as  shown  in  Figure  34.  For  convenience  the  nozzle  co¬ 
efficient  is  defined  as  the  ratio  of  the  actual  to  the  ideal  isentropic  Mach  number 
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referred  to  the  measuring  station  B-B. 


#  jKt. 


Tk)  Mr 


(80) 


It  is  realized  that  Equation  (80)  is  only  an  approximate  expression  which 
does  not  include  interference  effects  between  the  nozzle  jet  downstream  of 
section  B-B  and  the  leading  edges  of  the  "subsonic"  rotor  configuration. 

Since  these  effects  cannot  be  measured  with  the  present  test  setup,  the  above 
definition  of  u  is  believed  to  be  the  best  approximation  possible.  The  ideal 
Mach  number  is  determined  by  the  throat  to  exhaust  area  ratio  according 


to  the  following  equation 


. . . .  immm* 


. tLL . Cjm. . )j . — _ 


(81) 


The  ideal  nozzle-design  Mach  number  is  listed  in  the  gas  tables  (Reference 
12)  together  with  the  respective  throat  to  exhaust  area  ratios.  The  nozzle 
coefficient^  Jp  as.  defined  by  Equation  (80)  was  measured  for  the  first  and 
second  stage  nozzles  during  dynamic  and  static  test  conditions.  In  Figure 
34  the  measured  nozzle  coefficients  of  the  first  stage  and  in  Figure  35  the 
measured  coefficients  of  the  second  stage  are  plotted  versus  the  measured 
total  to  static  pressure  ratios.  It  can  be  seen  that  both  nozzles  are  operat- 
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ing  at  off-design  when  tested  with  an  overall  pressure  ratio  of  300:1,  In¬ 
spection  of  Figure  24  reveals  that  the  pressure  ratio  between  first  stage 
nozzle  throat  and  measuring  station  (2)  at  the  exhaust;  of  the  first  stage 
nozzle  amounts  to  15.  72:1  and  that  the  respective  pressure  ratio  of  the 
nozzles  of  the  second  stage  amount  to  14.  2:1.  For  these  pressure  ratios 
Figure  34  indicates  a  nozzle  coefficient  of  *  0.  90  for  the  first  stage 
and  Figure  35  indicates  for  the  pressure  ratio  14.  2:1  a  nozzle  coefficient 

of  IP  *  b  0.  84.  The  test  curves  indicate  good  agreement;  between  tests 

T  NJf 

conducted  under  stalled  conditions  and  during  actual  turbine  operation. 

From  these  figures  it  can  be  seen  that  the  first;  stage  is  operating  close  to  . 
the  design  value  but;  the  second  stage  is  far  less  efficient  than  expected.  It 
is  realized  that  the  nozzle  coefficients  defined  by  Equation  (80)  and  obtained 
by  use  of  only  one  pressure  tap  at;  each  nozzle  might  introduce  some  error. 
To  estimate  this  error  the  measured  nozzle  coefficients  are  compared  with 
nozzle  coefficients  measured  in  Reference  (5)  and  plotted  in  Figure  36. 

Here  the  nozzle  coefficients  of  Figure  36  are  measured  by  the  reaction 
method.  The  nozzle  coefficients  are  plotted  versus  the  nozzle  design  Mach 
number.  Several  curves  are  presented  illustrating  the  off-design  per¬ 
formance  of  the  nozzles  tested  in  Reference  (5).  The  off-design  perform¬ 
ance  was  investigated  in  the  range  of  40  to  100  percent  of  the  design  values. 
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The  design  Mach  numbers  are  determined  by  the  throat  to  exhaust  area 
ratio  as  defined  in  Equation  (81) 

To  verify  the  design  Mach  numbers  of  the  present  turbine,  the  nozzle 
area  of  the  first  and  second  stages  were  carefully  inspected.  It  was  found 
that  the  exhaust  to  throat  area  ratio  of  the  first  stage  amounted  to  * 

3.  25  and  of  the  second  stage  (^jjn  ^  *  3.  65.  The  respective  design  Mach 
numbers,  corresponding  to  these  area  ratios,  are  calculated  to  be  Mj  *  2.72, 
and  84.  This  means,  in  other  words,  that  the  design  pressure  ratio 

of  the  first  stage  is  PTl  *  24:1  and  that  of  the  second  stage  P  *  28.  9:1. 
Keeping  In  mind  that  the  design  pressure  ratio  is  17:1  it  can  be  seen  that  the 
second  stage  is  far  off  the  design  value.  The  reason  for  the  larger  exhaust 
area  to  throat  ratio  of  the  second  stage  is  believed  due  to  errors  in  tolerances 
when  the  nozzies  were  manufactured.  In  addition,  it  should  be  noted  that  the 
second  stage  nozzles  are  of  the  same  design  a®  the  first  stage  nozzle  and, 
therefore,  an  error  is  introduced  because  integer  number  of  nozzles  had  to 
be  used. 


If  the  design  Mach  numbers  and  the  measured  nozzle  coefficients 
^  *,  defined  as  the  ratio  of  the  actual  to  the  design  Mach  number  are  used, 
Figure  36  indicates  that  the  nozzle  coefficient  for  the  first  stage  should  have 
been  ^ jsij  *■  *  93  instead  of  *  .  90  for  the  design  Mach  number  2.  72.  This 
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indicate*  close  agreement  for  the  first  stage  between  the  prediction  of 


Reference  (5)  and  measurements.  Larger  deviation,  is  found  for  the  second 
stage  where  Figure  36  indicates  a  nozzle  coefficient  of  ftn  *  •  98  instead  of 
.  84  measured  for  the  design  Mach  number  2.  84.  This  suggests  that 
a  non-uniform  velocity  distribution  exists  in  the  second  stage  nozzles  while 
the  first  stage  nozzle  is  operating  with  a  velocity  profile  as  assumed,  For 
further  calculations  it  is  advisable  to  use  a  nozzle  coefficient  of  ^Nl  *  .93 
for  the  first  stage.  The.  nozzle  coefficient  of  the  second  stage  should  be 


between 


84  and  ,  88.  Finally,  it  is  mentioned  that,  besides  a  non- 


uniform  velocity  profile,  incidence  effects  or  interference  effects  of  blades 

and  nozzle  might  have  caused  the  low  velocity  coefficient  of  the  second  stage. 

Therefore  it" is  interesting  to  investigate  the  incidence  angle  and  incidence 

loss  occurring  at  the  second  stage.  For  this  purpose,  first  the  nozzle  para- 
«« 

meter ^  defined  by  Equation  (42b)  is  calculated  using  a  first  stage  nozzle 

coefficient  Vnj  «  .  93  and  a  nozzle  coefficient  for  the  second  stage  of 

*  .  83  to  .84.  This  results  in  a  nozzle  parameter  «  .669.  How- 

X 

ever,  when  using  noaasle  coefficients  indicated  by  Figure  36,  the  nozzh 

parameter  amounts  to^N  «  0.  76  using  *  ,  93  and  b  .  88.  This  re . 

JO— 

suit  Indicates  a  difference  inefficiency 
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jL_  -  ^  CoW  -  w/c0 

'Zo  %t  Coi«  -  Vc* 


(82) 


where  jj^  is  the  reference  efficiency  using  the  measured  values  for  nozzle 
coefficients  of  first  and  second  stage.  Evaluation  of  Equation  (82)  shows 
that  a  second  stage  nozzle  coefficient  of  =  .  84  instead  of  ^  *  .  88  de¬ 
creases  the  turbine  efficiency  nearly  2  percent.  This  might  be  due  to  inci¬ 
dence  losses  occurring  at  the  second  stage.  The  incidence  angle  of  the 
second  stage  amounts  to  3.  5  degrees  when  evaluating  the  incidence  angle 
from  the  following  equation, 


/ 


(83) 


/3-  . -y .  1 

L  tof  of  -  -  u/c  0.7  J 


where  ofj;  denotes  the  actual  flow  angle  and  ^  denotes  the  blade  angle  of 
the  rotor  cascade.  The  actual  flow  angle  is  obtained  from  the  relation 


used#®*  (iyaiuating ’'‘.Equation  ■  (83).  1  i  .  The  incidence  angle,  ,  is 
illustrated  in  Figure  37,  The  incidence  los  as  a  percent  of  the  available 
power  can  now  be  obtained  by  the  following  equation 
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”  l  cT7  ’ 

(  s,h  Hi d  ■  si»+jr 

^  (85) 

,the  spouting  velocity  parameter  of  the  second 
stage  determined  by  Equation  (44).  Equation  (85)  assumes  that  the  velocity 
component  normal  to  the  blade  inlet  angle  is  lost  as  a  total  pressure  loss 
due  to  the  incidence  angle,*  ,  as  indicated  in  Figure  (37).  This  concept  .of 
incidence  loss  is  also  used  in  References  (13,  (14)  and  (15).  Evaluation  of 

II 

Equation  (85)  indicates  that  the  incidence  loss  as  a  percentage  of  the  avail¬ 
able  power  is  nearly  of  the  same  order  as  the  efficiency  decrease  due  to 
the  lower  value  of  the  nozzle  coefficient  of  the  second  stage,  as  shown  by 

i 

Equation  (82).  Therefore,  it  might  be  concluded  that  using  a  nozzle  co  ¬ 
efficient  V-m  b  0.  84  takes  into  account  the  incidence  loss  of  the  second 

'  % 

stage.  The  incidence  angle  of  the  first  stage  is  found  to  be  negligible, 
therefore,  the  nozzle  coefficient  of^Nj  ■  0.  93  should  compare  closely  with 
the  actual  nozzle  performance  of  the  first  stage. 

5,  Blade  Element  Performance 

The  rotor  ;or  blade-element  performance  of  each  stage  is 
determined  in  the  case  of  impulse  operation  by  the  coefficient,  which 
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is  related  to  the  hydraulic-' stage  efficiency  according  to  Equation  (2). 


ftr  * 


jjjUL 


z(%£)  [War  tsSot  ~  U^»i  J 


/ 


(*6) 


Since  additional  losses,  referred  to  as  disc  friction,  pumping  and  sca¬ 
venging  losses  were  found  to  be  negligible  in  the  range  of  u/c0  **  0.20  and  are 
beyond  the  accuracy  of  the  measurements,  the  hydraulic  stage  efficiency 


is  approximated  by  the  internal  or  thermodynamic  stage  efficiency. 

.  rCl 


"(%:W 


(87) 


Combining  Equation  (86)  and  (87)  the  blade  coefficient  of  both  the  first  stage, 


K 


and  of  the  second  stage 


■  ~  * 


can  be  evaluated  from  the  measure- 


MHV  V*  fctSS’W  W  V V**1**  I  f  ftgj^ 

ments.  The  blade  coefficient  presented  in  this  report  is  the  full  admission 
blade  coefficients,  ,  which  is  defined  according  to  Reference  (7)  by  the 
following  relation. 

<A 

i  i  r*" 


^e. 


Z4x 


where  the  geometric  parameter  t/aj  is  determined  by  Equation  (51).  The 
full  admission  blade  coefficient  of  the  first  stage  is  found  to  be  *  0, 82 


SUNDiTRAND  TURBO' 


DIVISION  Of  SUNDSTRANO  CORSOHAT10N 


S/TDNo,  1735 


30  January  I960 


■  •  "(ii'in  . . .  ii  ii"  i  iip-i  .|| 


occurring  at  the  relative  Mach  cumber  MWj  -  1.  75  and  the  Ml  admi.aion 

blade  coefficient  of  the  aecond  stage  amounts  to  lfK  «  0. 87  for  a  rela - 

& 

tive  Mach  number  -  1.  50.  This  result  is  presented  In  Figure  (38) 

together  with  another  test  point  obtained  at  Sundstrand  Turbo  on  an  iden¬ 
tical  turbine  wheel  for  a  relative  Mach  number  of  «  2.  50.  Figure  (38) 
demonstrates  that  all  three  test  points  are  nearly  on  a  straight  line.  Com¬ 
parison  of  this  result  with  Equation  (9)  shows  excellent  agreement.  Equa¬ 
tion  (8),  however,  indicates  higher  blade  coefficients  which  apparently  can 
only  be  achieved  with  supersonic  blade  configurations  as  mentioned  before. 
The  low  blade  coefficients  shown  in  Figure  (38)  are  believed  due  to  separa¬ 
tion  phenomena  occurring  in  the  blade  passages  of  subsonic  type.  This 
might  be  illustrated  by  a  simple  calculation  employing  the  boundary  layer 
concept,  as  outlined  in  Reference  (16).  This  concept  is  usually  applied  for 
determining  total  pressure  losses  of  compressor  and  reaction  cascades.  The 
basic  loss  coefficient  is  defined  by 


where  w,  denotes  the  relative  velocity  at  the  rotor  exit.  In  the  case  of 

m 

impulse  operation  of  an  axwl  turbine,  it  can  be  seen  from  the  Bernoulli 
equation  of  the  relative  flow 
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( -  Hs\  I<  :  S&  _  C  +  R.  .  4PM-  (89) 

vz-5  /  zo)  %  ^  f  -jr- 

that  the  total  pressure  loss  coefficient,  U^,  can  be  expressed  by  the 
simple  relation 

Using  the  theoretical  results  of  Reference  (16)  it  can  be  seen  that  the  basic 
loss  parameter  of  the  boundary  layer  theory,  the  momentum  thickne'si  of  the 
trailing  edge  plane,  is  related  to  the  total  pressure  loss  coefficient  by  the 


simple  relation 

(II 


CM  P* 


U 4- 

J/ii -/ 


denotes  the  ratio  ol  the  discharge  momemtum  thickness  to  the 
chord  length,  c,  andCT"1’  is  the  solidity,  defined  as  the  ratio  of  the  chord, 
c,  to  the  blade  spacing,  •  The  momentum  thickness  determines 

the  momentum  loss  occurring  in  the  blade  surface  boundary  layers,  which 
displace  the  free  stream  by  the  displacement  thickness,  The  factor 
H  occurring  in  Equation  (91)  is  denoted  as  a  "form  factor"  according  to  the 
definition 
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By  applying  this  concept  to  the  first  stage  of  our  test  turbine,  for  a  relative 
Mach  number  of  =  1.  725,  the  form  factor  may  be  determined  from 
application  of  theoretical  and  test  results  of  Reference  (17).  Figure  (39) 
presents  the  results  of  Reference  (17)  where  the  form  factor  is  plotted  against 
the  relative  Mach  number.  Using  the  discharge  Mach  number  of  M  36 
it  can  be  seen  from  Figure  (39)  that  a  form  factor  of  approximately  H  «  2,  2 
is  suggested.  Evaluating  Equation  (91)  indicates  a  momentum  thickness  of 
-  0.0986,  The  displacement  thickness  is  calculated  according  to 
Equation  (92)  as  Li-  0.  262.  Now  relating  t]he  ratio  of  displacement 
thickness  to  chord  lengths  to  the  ratio  of  displacement  thickness  to  spacing 
determines  the  blockage  effect  at,  the  exhaust  section.  It  can  be  seen  from 
the  obtained  value  of  the  displacement  thickness?  and  the  spacing  that  as  much 
as  48  percent  of  the  area  at  the  discharge  of  the  first  stage  is  blocked  by 
boundary  layer  development,  This  indicates  heavy  separation  inside  the 
blades  and  that  three-dimensional  interference  effects  must  exist.  To  im¬ 
prove  the  passage,  it  is  indicated  that  the  area  should  be  increased  from  the 
leading  edge  to  the  trailing  edge,  in  a  fashion  which  provides  equilibrium  of 
the  cascade  flow  or,  at  least,  linearly.  Detailed  calculations  of  how  to 
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achieve  equilibrium  of  the  flow  as  outlined  in  Reference  (18)  are  not  in¬ 
cluded  in  this  work.  However,  the  equilibrium  concept  should  be  applied 
in  future  investigations  of  blade  sections  for  high  pressure-ratio  turbines.  - 

Finally,  the  performance  of  both  stages  is  compared  in  Figure  (40) 
which  illustrates  again  the  off-design  performance  of  the  second  stage.  The 
hydraulic  efficiency  of  each  stage  is  compared  in  Figures  (41)  and  (42)  with 
the  equivalent  single  stage  efficiency  predicted  by  the  NfiDs  diagram  of 
Reference  (1).  The  hydraulic  efficiency  is  used  for  comparison  because 
this  eliminates  the  leakage  effect  which  is  negligible  for  single-stage  turbines 
Figure  (40)  shows  very  good  agreement  between  actual  and  predicted  per¬ 
formance  of  the  first  stage  while  Figure  (42)  demonstrates  the  off-design 
performance  of  the  second  stage.  The  off-design  performance  of  the  second 
stage  is  due  to  off-design  performance  of  the  nozzle  as  well  as  some  inci¬ 
dence  losses  as  estimated  in  Section  4. 
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F.  ,  CORRELATION  OF  TEST  RESULTS  WITH  ANALYSIS 

The  test  results  discussed  in  the  loregoing  chapter  have  shown  that 
new  leakage  expressions  and  lower  noss®l*  coefficients  have  to  be  used  for 
calculating  the  design  point  efficieny:  In  view  of  this  fact,  it  is  found 
necessary  to  obtain  a  new  N8D8  diagram  for  two-stage  re-entry  turbines, 
by  combination  of  Equation  (56),  (9),  (61),  (62),  (65)  and  (67),  To  account 
(approximately)  for  the  incidence  losses,  it  is  advisable  to  use  an  average 

b°th  "°“le 

suits  In  a  final  N  Da  diagram  for  two  stage  re-entry  turbines  with  equal 
s  s 

pressure  ratio  in  both  stages.  This  diagram  is  presented  in  Figure  (43), 
and  is  valid  for  the  same  300:1  over-all  pressure  ratio  and  design  parameters 

k 

as  indicated  in  the  preliminary  NsDa  diagram  of  Figure  (4),  From  Figure 
(43)  it  can  be  seen  that  for  the  design  values  of  Ns  and  Dg,  an  efficiency  of 
approximately^  *Q&6~0.Slis  predicted.  Finally,  the  performance  curve  of 
the  test  turbine  is  compared  in  Figure  (44)  with  the  design  point  performance 
curve  predicted  by  the  NflD#  diagram  of  Figure  (43),  for  a  constant 
Comparison  of  both  curves  shows  very  close-, agreement.  The  design  point 
deviates  by  about  one  efficiency  point.  This  is  apparently  caused  by  the 
off -des ign  performance  of  the  second  stage  nossale  as  discussed  previously, 
The  test  curve  is  presented  for  the  axial  clearance  0,  005,  The  test  result  for 
clearance  {!*■(). Qt7  is  already  presented  in  Figure  20  ,  Application  of  the 
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basic -eff  iciency  relations,  modified  by  the  new  leakage  relations  also 
correlate  well  with  the  performance  for (S O.Ot*f  t  The  dashed  performance 
curve  above  the  test  curve  of  Figure  (44)  indicates  the  performance  which 
would  be  expected  when  both  nozzles  would  operate  with  optimum  nozale 
coefficients  ^0.%  .  Comparisons  of  the  predicted  design  point  perform¬ 
ance  with  the  off-design  point  performance  of  the  test  turbine  reveal  nearly 
the  same  trends.  This  is  a  surprising  result  because  the  efficiency  Equation 
(4)  is  only  true  for  the  design  point  when 


0)t  r 


^/Col 


1  to*  4  (93) 

Without  analyzing  in  detail  the  off-design  performance,  which  is  beyond  the 


task  of  this  report,  it  is  noted  that  off-design  performance  and  design  point 
performance  nearly  coincide  for  the  present  turbine..  This  might  be  due  to 
the  fact  that  improper  application  of  Equation  (4),  and  neglect  of  the  inci¬ 


dence  losses  and  off-design  performance  losses  of  the  nozzle  and  rotor  eas 


case,  cancel  each  other.  It  is  suggested  at  this  point,  that  a  future  program 
should  be  undertaken  for  studying  the  off-design  point  behavior  and  the  possi¬ 
bility  of  analysis  of  same  for  high  pressure  ratio  turbines,  Finally,  the 
performance  of  the  two- stage  re-entry  turbine  is  compared  with  the  optimum 
performance  of  an  equivalent  single  stage  turbine  as  shown  in  Figure  (44), 
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The  single  stage  performance  is  obtained  from  the  respective  NSDS  dia¬ 
grams  of  Reference  (1).  However,  the  efficiency  is  corrected  according 
to  Equation  (9)  in  the  case  of  subsonic  blade  configurations.  For  the  de- 
sign  point  u/cQ  *  0.  20  it  can  be  seen  that  the  two  stage  turbine  with 
0o8  and  nozzle  operating  at  off-design  is  about  20  percent  more 

0 

efficient  than  the  equivalent  optimum  single  stage  turbine.  This  demon¬ 
strate#  overwhelmingly  the  merit  of  the  two- stage  single  disc  turbine  when 
employing  subsonic  blade  configurations.  However,  preliminary  investiga¬ 
tions  have  indicated  that,  for  the  case  of  supersonic  blade  configurations, 
the  single  stage  turbine  might  perform  comparably  or  even  more  efficiently 
than  the  two- stage  re-entry  turbine.  Therefore,  it  seems  to  be  desirable 
to  investigate  supersonic  single  stage  turbines.  This  future  task  should 
finally  determine  the  most  efficient  turbine  configuration  for  high  energy 
level,  low  power  output  turbines. 


V  CONCLUSIONS 

1.  Reliable  and  internally  consistent  test  data  are  obtained  des¬ 
cribing  satisfactorily  the  over-all  and  blade  element  performance  of  the 
two-stage  re-entry  turbine  under  consideration. 

2.  Leakage  measurements  have  revealed  that  the  total  leakage  is 
larger  than  predicted  by  Reference  (1).  Leakage  is  found  to  be  caused  by 
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two  components,  the  static  and  dynamic  leakage,  both  of  which  can  be  pre¬ 
dicted  analytically, 

3.  Duct  losses  are  found  to  be  somewhat  less  than  predicted  by 
the  common  assumption  that  the  dynamic  head  leaving  the  rotor  of  the  first 
stage  is  totally  lost  Analysis  has  shown  that  the  duct  losses  may  be  pre¬ 
dicted  satisfactorily  by  empirical  equations  for  friction  and  turning  losses 
developed  herein. 

4.  The  blade  coefficients  presented  in  Reference  (3)  and  employed 
in  the  analysis  of  this  report  are  found  to  be  vlaid  for  the  present  turbine, 
The  blade  coefficients  can  be  predicted  analytically  and  are  valid  for  turbine 
cascades  of  subsonic  configurations. 

5.  The  noaales  of  the  test  turbine  were  operating  under  off-design 
conditions  due  to  inaccurate  manufacturing  procedures.  The  off-design 
performance  could  be  correlated  with  published  data  of  Reference  (5)  and 
it  is  indicated  that  some  incidence  losses  are  included  in  the  noaale  co¬ 
efficients, 

6.  A  final  NaDs  diagram  for  re-entry  turbines  with  equal  pressure 

ratios  in  both  stage*  i*  constructed  for  300:1  over-all  pressure  ratios  and 
axial  clearance  parameter  ,  This  N9DS  diagram  uses  an 
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average  no»*l®  coefficient  Qi^'0.%  and  blade  coefficients  computed  from 
the  respective  equation  presented  in  this  report.  The  design  point  effi- 
cicucy  of  the  test  turbine  correlates  well  with  this  NgDg  diagram* 

7.  Two  stage  re-entry  turbines  are  more  efficient  than  equivalent 
single  stage  turbines  for  the  case  of  subsonic  blade  configurations  in  the 
rotor. 

8,  The  over-all  performance  of  the  two- stage  re-entry  turbine 
tested  can  be  correlated  with  simple  one  dimensional- streamline  theories 
as  outlined  in  this  report.  However,  it  is  indicated  that  complex  three- 
dimensional  flow  phenomena  occur  inside  the  blade  passages  which  should 
be  investigated  in  further  research  tasks.  In  this  case,  it  is  desirable  to 
investigate  equilibrium  conditions  of  the  flow  throughout  the  turbine  cas¬ 
cades  and  to  correlate  the  losses  in  total  pressure  with  predictions  from 
boundary  layer  concepts. 

VI  RECOMMENDATIONS 

1.  The  program  should  be  extended  to  investigae  off-design  per¬ 
formance  of  the  two- stage  re-entry  turbine  using  the  same  analytical 
techniques  that  succeeded  in  this  design  point  analysis. 
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2.  Further  investigations  should  be  made  to  determine  the  perfoim 
ance  of  these  turbine  types  with  supersonic  blade  passages. 


3.  It  Is  desirable  to  investigate  the  complex,  three  dimensional 
flow  equilibrium  conditions  through  the  turbine  cascade,  and  correlate  the 
losses  in  total  pressure  with  predictions  from  boundary  layer  concepts,  In 
this  respect,  more  analysis  and  test  information  are  needed  concerning  the 
interaction  of  supersonic  noacle  jets  with  moving  cascades. 
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appendix  a 

nomenclature  and  symbols 


area  (inch2) 
nozzle  (throat  area 


(inch2) 


arc  of  admission  (inch) 


coefficient 


-  absolute  velocity  or  chord  length  (ft/sec;  inch) 

-  restriction  coefficient  (dimensionless) 

-  !i pouting  velocity  (ft/ sec) 

-  total  pressure  loss  coefficient  (dimensionless) 

-  static  pressure  loss  coefficient  (dimensionless) 

-  theoretical  static  pressure  loos  coefficient  (dimensionless) 

-  recovery  coefficient  (dimensionless) 

-  axial  clearance  (inch) 

-  tip  clearance  (inch) 

-  tip  diameter  (Inch)  ^ 

-  specific  diameter  Ds®  •; i . g . 


«  function  of  (  ) 

-  Mach  number  function  for  static  conditions  (dimensionless) 

-  Mach  number  function  for  total  condition®  (dimensionless) 
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velocity  function  (dimensionless) 
friction  coefficient  (dimensionless) 
gravitational  constant  g  •*  32.  2  ft/i*c® 
adiabatic  head  (ft) 
horsepower  (HP  ) 
blade  height  (inch) 

developed  length  of  re-entry  duct  (inch) 
blade  pump  loss  (dimensionless) 
disc  friction  loss  (dimenatonleea) 
scavenging  loss  (dimensionless) 
total  leakage  loss  (dimensionless) 

Mach  number  (dimensionless) 
revolutions  per  minute  (RPJI)  ^ 

specific  speed  Nj  *' 

total  pressure  (psla) 
static  pressure  (psia) 
pressure  ratio  (dimensionless) 

Reynolds  number  (dimensionless) 
hydraulic  radius  (inch) 
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T 

t 

u 

W 

z 

z 

ffi, 

9 

f 

l 

b 

% 

% 

k 

A 

/A 

f 

V 


,  total  absolute  temperature  (*R) 

-  static,  absolute  temperature  (*R) 

-  blade  spacing  (Inch) 

*  tip  speed  (ft/ sec) 

*  mass  flow  (Ib/sec) 

-  number  of  blades  (dimensionless) 

r  pumber  of  nozzle s  of  second  stage  (dimensionless) 

*  absolute  flow  angle  f  #J 

-  blade  angle  [  °] 

-  reciprocal  of  pressure  ratio  (dimensionless) 

-  mixing  coefficient  (dimensionless) 

i 

-  efficiency  (dimensionless) 

-  turbine  efficiency  (dimensionless) 

-  hydraulic  efficiency  (dimensionless) 

-  internal  or  thermodynamic  efficiency  (dimensionless) 

-  ratio  of  specific  heats  (dimensionless) 

-  partial  admission  function  (dimensionless) 

-  reheat  factor  (dimensionless) 

-  density  (lb/ft3) 

-  torque  coefficient  (dimensionless) 

- .  .  i 


SUNDfflTBAND  TURBO 

Om*l0N  OF  SU MOST BAND  COB  FOB  AT  ION 


S/TD  No.  1733 


30  January  I960 
Pag®  as 

>0  -  blad®  density  ratio  (dimensionless) 

^  *  nozzle  function  (dimensionless)  „ 

%  -  nozzle  coefficient  (dimensionless) 

-  blade  coefficient  (dimensionless) 

'Fro  -  blade  coefficient  of  full  admission  turbine  (dimensionless) 

Subscripts 

b  -  blade  pumping 
d  -  disc  friction 
f  -  restriction 
h  -  hydraulic 
i  -  ideal,  internal 
m  -  meridional 
N  -  nozzle 
o  -  total  conditions 
R  -  blade 
sc  -  scavenging 
#t  -  static 
t  -  turbine 
th  -  theoretical 
tot  total 
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w  *  relative 

1  -  turbine  Inlet 

2  -  nozzle  exhaust,  first  stage 

3  -  rotor  discharge,  first  stage 

4  -  duct  exit 

5  -  nozzle  exhaust,  second  stage 

6  -  rotor  discharge,  second  stage 

ex  -  exhaust  second  stage 

I  -  first  stage 

II  -  second  stage 

Superscripts 

-  average  values 
1  -  corrected  values 

♦  -  nozzle  throat  conditions 
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APPENDIX  B 

DERIVATION  OF  APPROXIMATE  RELATIONS  FOR  EQUAL  SPOUTING 
VELOCITIES  IN  BOTH  STAGES 

1.  Derivation  of  Equation  (6) 

The  ratio  of  the  arcs  of  admission 


io  expressed  as  a  function  of  the  reciprocal  of  the  total  pressure  ratio 


(B2) 


by  introducing  the  isentropic  relation 


in  {B 1) 


Or 

(hr 


(B3) 


(B4) 


and  relating  $g  to  the  total  pressure  ratio  .  This  is  done  by  ob¬ 
serving  the  condition  of  equal  spouting  velocities  or  equal  heads  in  both 


Mr 

AW/ 


J **■ 


JL-Lt 


% 


KrL 

»-ar  — 


w 


(B  5) 
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and  using  (B3>  to  eliminate  the  temperate  ratio.  After  simple  r.-.rxanging 
of  the  resulting  equation,  Is  found  as  a  function  of<TA/  • 


Sir  ? 


Combining  now  (B6)  and  (B4)  the  final  expression  for^ 

— 

a* 


is  found; 


jjerivw-viw  u  „  7  > g- 

Assuming  static  conditions  In  front  of  the  leakage  areas  A  =  * 
h  sc*Oi  ,  the  leakage  as  a  ratio  of  the  total  mass  flo»  is  expressed 


where  the  total  mass 


flow  is  determined  by  the  choked  nozzle  throat.  The 


function 


f6>,t  >(w;X 


to/V4 
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i«  m>w  related  to  tie  total  pree.ure  ratio  $Hf  ,  by  ineertta*  (B3),  io 
(B9) 


(<+/ 

nvysr 


(bio; 


and  observing  (B2): 


Ffci) 


(B  11) 


Finally  of  (Bll)  is  eliminated  by  (B6).  This  yields  the  final  relation 


F^P,r)  =  (- 


14-  &-hst  ^ 


(B 12) 


which  determines  (-+• 

v  1  >  \AZ  ji/'U-W  (  p/|  [  —  j 


(B 13) 
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APPENDIX  C 


derivation  of  performance  relations  for  the  case  of  unequal 

SPOUTING  VELOCITIES  IN  BOTH  STAGES 


1,  Derivation,  of  Equation  (43a) 

The  hydraulic  efficiency  of  a  two- stage  turbine  is  given  by  the  re- 

l&tion  a  __ 

-  .  /f„\z 

(Cl) 


+,k(£j 


Inserting  the  single  stage  relation  {Equation  (2)  ) 

^  *  2-*  U/C;  (l4'  %)(  %  &>*><£■  "  {/c  i ) 


(C2) 


in  (Cl)  results  in  the  expression 

i  =  2  •  u/dr  •  $£f[l  *  (%  as  -  ‘•(Er  ) 


4-  2 


■  u4  ■  £/  v-  Yrj.]  (i^  <c  s  *>  - 1 i^) 


(C3) 


Expanding  (C3),  and  assuming  determines  the  average  hydraulic 

efficiency! 
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(G4)  suggests  that  average  values  can  be  defined 


4-i|v] 


and  to  approximate 


’(V% 


Finally,  by  combining  Equations  (C4),  (C5),  (C6)  and  (C7),  the  average 
efficiency  equation  is  obtained  for  two- stage  re-entry  turbines, 

r4(%>)0  +  $jC)(V>j  Co*<fi  -  °-/c^)  (c 


2.  Derivation  of  Equation  (57) 


The  throat  to  area  ratic^^+y  is  determined  by  the  continuity 
equation  for  two  nozzle- throats  including  the  leakage  occurring  between 


them. 
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Rearranging  Equation  (C9)  and  expressing  the  mass  flow  of  the  second  stage 
and  the  leakage  flow  as  percentages  of  the  inlet  mass  flow  results  in  the 
relation; 


(C  10) 


Introducing  the  relation 


(C 11) 


and  combining  Equations  (CIO),  (C 11),  and  using  the  condition  of  equal 
pressure  ratios  in  both  stages,  results  in  the  following  equation: 


The  right  side  of  Equation  (C12)  is  now  expressed  by  the  functions  K]  and 
defined  by  Equations  (47)  and  (48)  giving  the  relation: 


(k  -  fk\. 
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which,  combined  with  Equation  <CU),  determine,  the  final  expre.oion  (or 
the' throat  area  ratio  of.  both  stages. 
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APPENDIX  D 

derivation  of  leakage  functions  f1  and  f2 


1*  Derivation  of  leakage  function  F] 

The  Mach  number  function  F ^  considers  static  conditions  in  front  of 
the  leakage  area,  Therefore 

fL. 


Fi 


ftt  {T*  ) 

By  use  of  the  Mach  number  relations 


and 


To/ 


•  \l  V  Hit 


f?UL) 


is  defined: 


'*  T 


Q  t  ¥  w  V 


/:,(  is  the  design  Mach  number  of  the  nozzle 


^  :Wi 


i-  ~ /  / 
fm  J 
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and  f  N  U  the  noaale  coefficient  defined  as 


(D6) 


2,  Derivation  of  leakage  function  F 2 

The  leakage  function  Wz  considers  total  conditions  in  front  of  the 
leakage  area,  normal  to  the  tangential  component  of  the  jet  velocity  c2i 


The  efficiency  of  the  no«*l«  is  defined 


Re-arranging  of  Equation  (D8)  results  in  the  expression 


(DT) 


m 


(D  9) 


which  is  related  to  the  design  Mach  number/f^by  Equation  (D2): 


Now  Equation  (10)  is  brought  in  the  more  convenient  form: 


P, 


!  f- 


5:/ 


JL 

z 

Hi 


J 


(DIO) 


(DU) 
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APPENDIX  E 

DERIVATION  OF  BASIC  EQUATIONS  FOR  DUCT  ANALYSIS 


ir-discharge  angle 


The  rotor-discharge  angle  Is  determined  by  the  geometric  re¬ 
lation  of  the  discharge-velocity  triangle: 

<*+■</*  (El) 

The  whirl  component^Cu^is  related  to  the  spouting  velocity,  blade 
coefficient  and  speed  according  to 

f 

Cu5  3  U-  Wu5x  U-  ^ (qt  cos^a.  -  u*)  M 

The  meridional  component  remains  constant  through  the  rotor,  when 
perfect  Impulse  operation  Is  assumed,  Therefore 

Cm,  -  Cmx  =  as** 

Combining  (El),  (£2)  and  (E3)  the  final  expression  is  obtained: 

(E4) 

2,  Rotor  discharge  Mach -Number  Mi 


The  rotor  discharge  Mach  Number  M3  Is  defined 


Hj* 


UNDSTRAND  TURBO 


DIVISION  or  SlINOSTNAN  D  COK  DORATI  ON 


I 


wher*  the  velocity  ratio% 


to  to  determined  by  the  discharge  velocity 


triangle; 


w 


Inserting  (E3)  into  <E6)  yields  finally 
5  ^  ® 


jj  4 

“l*  WBSS 


’  -"-tIm  los>ei  of  re-entry  duct 

The  friction  loss  of  the  re-entry  duct  is  determined  by  the  P'arcy 
Weisbach  relation 

&+]  (E8) 

imot“  ““  *”rH*  velocity  through  the  duct,  which  I.  opp, octet* ted 
by  a  linear  relation 

A  *  f1*  Z£ ]  *  Cjw, .  F m 
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whiujh  accounts  for  velocity  decrease  due  to  the  mass -flow  leaving  threugh 
each  aoiale,  Observing  that 

C^xC$$iVy+5  (E10) 

and  Equation  (£9),  the  friction  loss  is  expressed  by 


Introducing  the  leakage  ratio/f  and  accounting  for  the  area  change  fr<tm 
Aj,  to  Equation  (£11)  is  modified  as  follows: 

4h*f ' '(ftf  ^ 

Equation  (12)  is  now  brought  into  dimensionless  form,  by  defining  the  static 
pressure  loss  coefficient, , 

Cv  (E1,) 

and  introducing  this  relation  into  the  above  equation.  Therefore, 

Cfiii-  "  u)^-]  t®14) 

Since  the  theoretical  pressure  loss  coefficient  is  defined  as 

=  =[l+  ^  Hi]e'  -/  flcij) 
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Equation  (K 14)  can  be  rearranged  to  the  final  form! 
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FIGURE  I. 

LEAKAGE  PATHS  OF  TWO  STAGE  REENTRY  TURBINE  WITH  OPPOSED 

FLOWS  IN  BOTH  STAGES 
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Figure  8.  Exploded  View  of  Test  Turbine 
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FIGURE  13.  DYNAMOMETER  WITH  TORQUE  RING 
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SCHEMATIC—  INSTRUMENTATION  STATIONS 


Figure  16.  Calibration  of  Reentry  Duct  in  High  Altitude  Chamber 
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FIGURE  18 


description  of  instrumentation 


Instrument  Station  Manufacturer 


Range 


Inlet  Orifice 


Acwraty 
%  Full  Rang* 
ASMS  ^uwer 
Teat  Code 


I  Acragage 


Barton  Instrument  Corp.  . . r-u  i  'i . 

Se J  '  '  ^ransficer  .  ■ 

_ >e  Wiankho  Engr.  Co.  0-200  pal 


0-30  pai  " 

0-30  pai  " 

0-30  pai  " 

0*30  pal  " 

0-30  pal 
0-30  pal 

0-30  pai  " 

0-5  pai  u 

0-5  psi  " 

0-5  pai 

0-5  pai  " 

0-5  pai  " 

0-5  pai  " 

-100  to  +  500*  F  0.9% 


3  Copper  Constantan  Unshielded 
Type  Total  Tempera¬ 
ture  measuring 
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Instrument  Station  Manufacturer 


Inlet  Orifice  0 


Barton  Instrument  Corp. 
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Range 


Accuracy 


ASME  Power 
Teat  Code 

. . . . . in . . 


Brown  Potentiometer 


■  200  to  +  200#F  0.5%' 
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FIGURE  21. 

COMPARISON  OF  TORQUE  AND  TEMPERATURE  EFFICIENCY  FOR  CLEARANCE 

C*».005" 
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FIGURE  25 

10  PRESSURE  VARIATE I  INSIDE  TURBINE .  N  E»  R  DESIGN  POINT 
u/Co'*20  AT  DESl6N  PRESSURE  RATIO  P r  300.1 
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FIGURE  26. 

STATIC  PRESSURE  VARIATION  INSIDE  TURBINE  TOR  OFF-DESIGN 
CONDITIONS  u/Co".080  ^  ’VCo'MO  AT  PRESS. RATIO  300  1 
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FIGURE  27- 

STATIC  LEAKAGE  FUNCTION  Fj 
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FIGURE  31. 

DUCT  LOSS  OF  RE-ENTRY  STAGE 
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NOZZLE  COEFFICIENT  OF  FIRST  SI  AGE 
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FIGURE  37 

ILLUSTRATION  OF  INCIDENCE 
LOSS  FOR  %Q  CONSTANT 
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RELATIVE  MACH  NUMBERS  Mw 


FIGURE  38 

MACH  NUMBER  RELATION  FOR 
0  *30°  SUBSONIC  BLADES 


FIGURE  40 

STAGE  PERFORMANCE  OF  TWO-STAGE 
RE-ENTRY  TURBINE  FOR  PRESSURE 
RATIO  300 ;  I  AND  AXIAL  CLEARANCE  C*-.005" 
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PREDICTS  OPTIMUM 
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HYDRAULIC  EFFICIENCY 
*  OF  FIRST  STAGE 


FIGURE  41 

PERFORMANCE  OF  FIRST  STAGE 
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FIGURE  44 

COMPARISON  OF  PERFORMANCE  OF  TWO  STAG! 
ENTRY  TURBINE  WITH  THEORETICAL  PERFORM 


PREDICTED  BY  REFINED  ANALYSIS  AND  PERFOI 
ANCE  OF  EQUIVALENT  SINGLE  STAGE  TURBINI 
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